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fully in management of eutrophic reservoirs to alleviate water quai. prob-

lems, control algal blooms, and improve fish habitat. This report includes:
(a) a comprehensive review of aeration/circulation techniques and past experi-
ences encompassing literature from January, 1972, through December, 1980;

(b) statistical analyses of artificial circulation experiences to examine the
causes of alternative responses to treatment; (c) a summary of morphometric
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and water quality data for 107 reservoirs managed by the U. S. Army Corps of
Engineers; and (d) a generic evaluation procedure for aiternative management
applications in reservoirs. f

Artificial destratification by mechanical pumping or diffused-air mixing
usually elevates dissolved oxygen content of the lake by bringing anoxic bot-
tom waters to the lake surface where aeration occurs through contact with the
atmosphere. Oxygenation may cause precipitation of phosphate compounds and
inhibition of nutrient release from sediments, but invasion of benthic mac-
roinvertebrates into the profundal zone may play a role in maintenance of
high phosphorus release rates from oxygenated surficial sediments. Water i
quality generally improves after treatment, but undersizing of water pumps
or improper timing of destratification relative to occurrence of algal blooms
can aggravate existing oxygen deficits. )

When the mixed depth is increased, models of algal production predict
a decline in the ratio of photosynthetic rate to respiration rate and a con-
sequent decline in algal biomass per unit area of lake surface. With suf-
ficient mixing, a drop in pH of the upper waters is observed, followed by
a shift from nuisance blue-green algae to a mixed assemblage of green algal 1
species. Zooplankton and benthic macroinvertebrates often increase during 4
artificial circulation as a result of habitat expansion and possible enhance-
ment of food resources.  Although short-term increases in fish growth and
yield have been attributed to improvement of food and habitat, long-term
observations are unavailable.

Hypolimnetic aeration improves water quality without disrupting thermal i
stratification. Although the potential benefits of hypolimnetic treatment '
in controlling algal blooms are more limited than those realized with whole
lake mixing, the risk of adverse impacts appears to be lower for hypolim-
netic aeration. Oxygenation of downstream reaches can be achieved by hypo-
limnetic aeration or oxygenation, localized mixing, aeration in the outlet
works, and tailwaters aeration.

Summary statistics (mean, range, and correlation coefficients) were
calculated for morphometric and water quality variables measured in 107
U. S. Army Corps of Engineers' reservoirs as part of the National Eutrophi-
cation Survey by the U. S. Environmental Protection Agency.

An annotated bibliography of aeration/circulation experiences is
included as an appendix to this report.
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CONVERSION FACTORS, U, S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U, S. customary units of measurement used in this report can be
converted to metric (SI) units as follows:

Multiply

cubic feet per second

feet

gallons (U.S. liquid)

horsepower {550 foot-pounds
per second)

horsepower (550 foot-pounds
per second) per cubic foot

miles (U.S. statute)

pounds (mass)

square feet

tons (2,000 1b, mass)

By
0.02831685

0.3048
3.785412
0.7456999

26,.334108

1.609347

0.4535924

0.09290304
907.1847

To Obtain

cubic meters per
second

meters '

cubic decimeters

kilowatts

kilowatts per
cubic meter
kilometers
kilograms
square meters
kilograms




ENVIRONMENTAL ASPECTS OF ARTIFICIAL AERATION AND OXYGENATION

OF RESERVOIRS: A REVIEW OF THEORY, TECHNIQUES, AND EXPERIENCES

PART I: INTRODUCTION

1. Impoundment of river waters has extensive impacts on water
quality and the surrounding environment (Symons 1969; Baxter and
Glaude 1980). Climate, nutrient loading, water retention time, and
basin morphometry interact to determine physiochemical and biological
conditions in reservoirs as well as in downstream reaches. With a
long retention time and sufficient water depth, the stage is set for
development of a true phytoplankton, High nutrient loadings combined
with thermal stability during the summer months may produce nuisance
algal growth and a high biological oxygen demand (BOD) throughout the
water column. Production levels are ultimately related to the
hypoliunetic oxygen deficit (Hutchinson 1957; Charlton 1980) and hence
the potential for further deterioration of water quality through
chemical transformations in surficial sediments.

2. Ambient levels of dissolved oxygen directly influence the
distribution, abundance, and behavior of aquatic arganisms (Hutchinson
1957; Davis 1975) and reguiate nutrient release at the sediment-water
interface (Mortimer 1971; Holdren and Armstrong 1980). In eutrophic
reservoirs, hypolimnetic oxygen depletiorn may have adverse impacts on
water supplies, fisheries, and downstream environments (Symons 1969;
Tennesse Valley Authority (TVA) 1978). Oxyvgen depletion in bottom
waters degrades biological habitats and restricts the distribution of
fish populations. Moreover, food resource levels in benthic habitats
of the profundal zone are depressed during summer stratification
(Withm and McClintock 1978). In extreme cases, thermal instability
during Tate summer or autumn may mix anoxic hypolimnetic waters
throughout the reservoir, precipitating a massive fishkill. In water
supply reservoirs, low pH combined with high levels of iron and
manganese in bottom waters can produce severe corrosion problems and
complaints from consumers regarding noxious tastes and odors. In 9 of
the 18 reservoirs studied by TVA (1978), low concentrations of
dissolved oxygen in the release had undesirable effects on tailwater
communities, e.g., reduced productivity and diversity of both fish and
macroinvertebrates. High concentrations of reduced compounds such as




iron, manganese, hydrogen sulfide, and ammonia could produce toxic
reactions in tailwater organisms, although avoidance behavior
resulting in downstream migrations could mitigate the potential
impacts.

3. Artificial aeration techniques have proved beneficial in
management of water quality problems associated with thermal
stratification and hypolimnetic oxygen depletion in reservoirs (e.q.,
Toetz et ai. 1972; Fast 1979a; Pastorok et al, 1980). Although these
methods are purely symptomatic treatment, i.e., they modify the
consequences of eutrophication rather than controlling nutrient influx
from external sources, artificial aeration is potentially useful as a
complement to external control technologies. Moreover, certain
aeration/circulation methods have immediate and far-reaching effects
on biological habitats and community structure. These techniques hold
promise for benign management of algal blooms and fisheries through
habitat manipulation. Nevertheless, past experiences have produced
serious adverse impacts as well, e.g., enhancement of blue-qreen
algae, turbidity probiems, and even fishkills (Pastorok et al. 1980).
Although some adverse effects may simply be "hidden costs” of the
technique, others are almost certainly due to faulty design of
aeration devices or improper applications following inadequate
assessment of the biological community and its response mechanisms.

4, The purpose of this review is to summarize the results of
past experiences in artificial aeration of lakes and reservoirs. In
doing so, we wish to extend previous work (Pastorok et al. 1980) and
accomplish three main objectives: (a) expansion of a comprehensive
literature review of aeration/circulation to include more techniques
and up-to-date experiences; (b) statistical analysis of artificial
circulation techniques to examine the causes of various lake responses
to treatment; and (c) development of a generic evaluation procedure
applicable to aeration in U.S. Army Corps of Engineers (USAE)
reservoirs,

5. The following chapters consider artificial circulation,
hypolimnetic aeration, aeration of reservoir releases, characteristics
of USAE reservoirs, evaluation of aeration techniques, and
recommendations for future research. Artificial circulation includes
all those techniques designed to provide aeration without maintaining

9
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the normal thermal structure, e.g., artificial destratification,
partial mixing, and whole lake mixing to prevent stratification.
Hypolimnetic aeration by injection of either air or pure oxygen
encompasses treatments which oxygenate bottom waters without
disrupting thermal stratification.

10




PART II: ARTIFICIAL CIRCULATION

6. Some of the water quality problems that occur in
impoundments as a result of thermal stratification can be ameliorated
by maintenance of well-mixed conditions., This chapter discusses the
methods available to induce lake circulation, some theoretical
considerations that affect design and performance, as well as chemical
and biological consequences. A review of experience gained from lake
mixing is also provided.

Circulation Methods

7. Mixing devices and their applications have been reviewed in
detail (Lorenzen and Fast 1977; Tolland 1977; Pastorok et al. 1980).
Mixing techniques may be classified broadly as air-1ift pumps,
mechanical pumps, or water jet systems. In the first category, a
plume of rising air bubbles upwells water, effecting turbulent mixing
and direct aeration. Mechanical pumps and water jets induce
circulation by plume entrainment and relative intake-discharge
locations.

Air-1ift systems

8. Air-1ift systems involve air injection through the end of a
pipe (Bernhardt 1967), through a horizontal perforated pipe (Knoppert
et al. 1970; Fast 1968, 1971a, 1979b), or through special diffusers
producing a column of fine bubbles (Knoppert et al. 1970; Symons et
al. 1970; R.S. Kerr Research Center 1970). In a stratified lake,
mixing will be induced above the air release depth in the case of an
unconfined bubble plume. Enclosure of the plume within a vertical
tube (e.g., Helixor) is a less common method. A variation on the
confined air-1ift principle is the Aero-Hydraulics Gun which uses a
train of single large bubbles instead of a fine bubble plume.

9. Air compressors used in air injection systems have usually
been powered by electricity, and occasionally by gasoline. Rieder
(1977) has demonstrated the feasibility of wind power for driving
compressors coupled to destratification systems in small prairie
1akes.

10, It is important to note that although compressed air is
used and the term "aeration" frequently applied, diffused-air systems

n
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for lake mixing are not aerators but pumps. Rising bubbles induce a
flow field within the impoundment that can redistribute incoming
energy such that thermal stratification does not occur. As Neilson
(1974) pointed out, "In general the calculations indicate that during
destratification the predominant source of oxygen is the natural
aeration that is enhanced by the secondary circulation set up by the
rising bubbles.” Smith et al. (1975) further illustrated this point
by comparing the surface area of bubbles to the surface area of a
“typical" lake. They concluded that the bubbles would typically
constitute less than 1 percent of the lake surface area.

11. Information on relative costs of various air-lift systems
is almost nonexistent. A committee of the American Water Works
Association (AWWA) investigated direct capital costs and operating
costs for mainly unconfined air-lift systems driven by electrically
powered compressors (AWWA 1971). Both the initial cost per unit water
volume and the operating cost per unit volume dropped as reservoir
volume increased., Although the AWWA investigated the relationship of
costs to equipment design {homemade or commercial) and operating
policy (continuous, continuous in summer, intermittent in summer), no
clear trends appeared. The few enclosed air pumps studied by AWWA
(1971) had operating costs similar to those of unconfined plume
systems, but the initial cost of the former is somewhat higher.
Tolland (1977) noted that running costs of destratification devices
are inexpensive relative to many other operational costs of water
supply reservoirs.

Mechanical pumps

12, Mechanical destratification techniques emplioy diaphragm or
centrifugal pumps, fan blades, or water jets to move water. Water may
be pumped from the reservoir bottom to the surface (e.g., Hooper et
al. 1953; Irwin et al. 1966; Ridley et al. 1966) or vice versa (e.qg.,
Steichen et al. 1974; Garton et al. 1978; Toetz 1979a, b). A review
of design and field performance of destratification techniques
indicates that diffused air systems may be less expensive and easier
to operate than mechanical mixing devices (Lorenzen and Fast 1977).

13. Suction pumps suspended from rafts were used to pump
hypolimnetic water to the surface in King George VI Reservoir (Ridley
et al. 1966), four Ohio lakes (Irwin et al. 1966), and Boltz Lake
(Symons et al. 1967, 1970). Compared with diffused-air systems, these
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mechanical pumps are relatively difficult to install (Symons et al.
1970) and more costly to maintain (Steel, in Tolland 1977). In terms
of oxygenation capacity and destratification efficiency, diffused-air
mixing techniques appear to be better than mechanical suction pumps
(Symons et al. 1970; Smith et al. 1975).
14. The axial-flow pumps used at Ham's Lake and Arbuckle Lake
use a large fan blade to move water from the surface downward
(Quintero and Garton 1973; Garton et al. 1978; Steichen et al. 1979).
Although propeller pumps located in surface waters have been
successful in mixing small lakes and providing localized
destratification near dam outlets, they are less effective at complete
destratification of large deep lakes.
Water jets
15. The use of water jets for impoundment mixing is }
particularly relevant for “"pump-storage" applications. Because '
reservoirs in the United Kingdom are frequently supplied by offstream
pumping, they are particularly amenable to jet mixing. Pumped water
is simply discharged at high velocity in a direction designed to
induce circulation.

16. The Metropolitan Water Board of London induces mixing in
their reservoirs by locating jetted-water inlets near the reservoir
bottom (Ridley et al. 1966; Tolland 1977; Johnson and Davis, in press).
The jet inlets are usually installed during construction of a
reservoir when water quality problems are anticipated. Jetted-water
systems may require a standby mixing technique for use when river
inflows are insufficient.

17. Comparisons between jetted-water systems and other mixing
techniques are difficult because little data on oxygenation capacity
or destratification efficiency of the former exist (Tolland 1977). In
most cases, jet systems would be more expensive to install than other
mixing devices. For reservoirs which are supplied by pumping,
however, most of the initial costs are associated with ordinary
reservoir operations.

13




Theoretical and design considerations

thsical

18. The theoretical basis of impoundment mixing and design
criteria related to physical effects are reviewed in this section,

19. Air-1ift systems. The primary theoretical concerns related
to the physical aspects of diffused-air mixing involive the mechanics
of air supply, air distribution, and induced circulation. The
relationships between air-supplied and induced mixing have been
studied to some extent in laboratory experiments. Zieminski and
Whittemore (1970) used a 180-gallon* plexiglass tank to study the
effects of air flow rate, water body geometry, energy input, size of
air bubbles, and pumping capacity of the air plume on “time of
mixing." They found a "good corretation" between mixing time and
power input per unit volume of water. They observed mixing times of
less than 6 minutes with power input levels greater than 2 x 10-6
HP/ft3, They also found bubble size to be relatively unimportant
compared to mixing time and water flow when bubble diameters of 0.12
and 0.3 cm were compared. However, bubble diameters of 0.05 cm
resulted in an approximate 20 percent increase in water flow relative
to larger bubble sizes.

20. Lorenzen and Fast (1977) presented a simplified approach to
determining air requirements necessary to maintain minimal temperature
gradients., Based on the theory of Kobus (1968) a relationship between
air release rates, depth, and the flow rate of upwelled water was
established. The water flow rate as a function of height above an
orifice was given by:

-V _1n (1

Q,(x) = 35.6C(x + 0.8) 0 h + 10.3

*b

* A table of factors for converting U.S. customary units of measure-
ment to metric (SI) units is presented on page 7.
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Qw(x) = water flow mz/sec
C= 2Vo + 0.05 m”/sec
x = height above orifice, m
V0 = air flow, m3/sec at 1 atm
h = depth of orifice , m
wp = 25V, + 0.7 m/sec

21. This relationship was used in a detailed simulation model
(Chen and Orlob 1975) to compute temperature profiles over time for
a variety of lake sizes and shapes with different air release rates.
The original document (Lorenzen and Fast 1977) provides detailed re-
sults as well as procedures to select compressor sizes and diffuser
design characteristics. As a general ‘"rule of thumb" it was found
that approximately 30 standard cubic feet per minute (SCFM) of air
per ]06 £t of surface area (9.2 m3/min . 106 m2) is required to i
maintain good mixing.

22. Torrest and Wen (1976) have provided a more detailed anal-
ysis as well as hydraulic model studies of air plume induced circula-
tion. Of particular interest in the work of Torrest and Wen is the
definition of a "circulation cell." Based on model studies and sur-
face velocity measurements,it was found that circulation cells would
be expected to extend a distance equal to four times the depth of air
release from each side of a line source diffuser. For a point source
diffuser, circulation cell radii were found to be approximately six
to seven times the depth of the diffuser.

23. Davis (1980) has provided a combined theoretical and em-
pirical approach to design of diffused-air mixing systems. The pro-
cedure is based partially on consideration of the total theoretical
energy required to destratify a stratified reservoir. The theoreti-
cal energy required is estimated from an assumed density gradient
plus incoming solar radiation. Stability is the difference between
the total potential energy of the mixed (isothermal) system and the
stratified system. This is given by:

S = g(z °imvih1 - p‘isvihi) (2) {‘
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1 S = stability, J
g = acceleration due to gravity, m/secz
p. = density of layer i , kg/m3

Vi = volume of layer i , m
hi = height of centroid of layer i , m
m = mixed

s = stratified

24. The total theoretical energy required in terms of joules (J)
is:
E=S+R-W (3)
where:
S = stability, J
R = heat input, J
W = wind energy, J
25. R is the heat input required to achieve stability during sum-
mer. R may be calculated using 5 J m™2 day'] (Davis 1980). Since wind
energy is intermittent and somewhat unpredictable, it is neglected in
the design procedure. This ensures that the mixing device by itself will
be powerful enough to circulate the reservoir in the absence of wind.
26. Based on experience, Davis notes that the energy input by a
mixing device should be 20 times the theoretical energy required. The
energy input (in joules) by a compressed air diffuser is given by:

Eq = ogH QT 1n (1 + go) (4)
where:
p = water density, kg/m3
Hy = 10.4 m (1 atm) 3
Q = free air flow rate, m~/sec
T = time to achieve destratification, sec
D = depth of diffuser, m

27. The required air flow is then:
1.196E (5)

-T1n(1+1—0—?-&-) Y

28. In order for the air bubbles to effectively induce circulation
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they must be distributed so that energy is not wasted. According to
Davis, a line source of air induces more flow than a series of dis-
crete point sources. He has also noted that the volume of water en-
trained by the air bubbles should be 2.5 times the volume of the
reservoir. Based on a paper by Bulson (1961), the volume of water
entrained by a perforated pipeline source can be expressed as:

/3 [ -1/3
qQ 0
Vo = 0.486LT |— 1+ In {1+ (6)
L 10.4 10.4
where:
Ve = volume of water entrained by air bubbles from line source,
m
L = Tength of diffuser
29. The length of perforated pipe is thus given by:
3 ) 1/2
L o
L= 3.73 T3 [1 o )3 (7)
Q ;n(l + m
where:

V = reservoir volume, m3

30. Davis provides further details and diagrams to compute
pressure requirements, required anchors, and air flow rates through
each perforation. He recommends 0.8-imm diameter holes for the dif-
fuser,

31. For an example reservoir of 20 x 106 m3 volume, 20-m max-
imum depth and 1.2 x 106 m2 surface area, Davis' procedures result
in a recommended 70 1/sec free air flow rate distributed through 250
m of perforated pipe. The calculations developed by Lorenzen and
Fast (1977) would result in approximately 120 1/sec as the recommed-
ed free air flow.

32. Mechanical pumps. Early efforts to destratify lakes used
mechanical pumps to transport water from the hypolimnion to the epi-
limnion, e.g., Symons et al. (1970) used a 12-horsepower mixed-flow

pump in Boltz Lake. Steichen et al. (1974) reported the use of a
17




large propeller pump to transfer water from the near surface of Ham's
Lake, Oklahoma, to the hypolimnion. Since that time, the only signifi-
cant mechanical pumping system (except for water jets which are discussed
[ in the next section) that has been used for lake mixing is the propeller-
! type pump developed by Garton. This system consists of a float mounted
‘ motor with a shaft and submerged propeller or fan blade. Water is pumped
downward from the epilimnion to the hypolimnion.
? 33. Garton and Punnett (1978) provide design criteria for the Gar-
ton pump. They recommend that velocities be sufficient for the plume to 4
reach the lake bottom and the pump flow rate be such that the normal vol-
ume of the hypolimnion be pumped every two days.
34. MclLaughlin and Givens (1978) conducted scale-model studies of
Garton pumps and concluded that they can be effectively used to either

destratify a lake or provide local destratification to improve quality
of Tow Tevel reservoir releases (also see Dortch and Wilhelms 1978).

35. Jet pumps. Jet discharges, both from recirculating pumps and
from normal supply systems, have been used in a number of locations,pri-

marily in the United Kingdom. From scale-model studies of recirculating
pumps ,Dortch (1979) concluded that hydraulic destratification can effec-
tively mix an impoundment by pumping a small percentage of the total lake
volume. Destratification was accomplished in a laboratory flume by pump-
ing as little as 3 percent of the volume. Important variables were pump-
ing rate, port velocity, density, relative volume of strata, and intake
and discharge orientation. Sobey and Savage (1974) developed a mathe-
matical model of forced circulation in a cylindrical reservoir. For this
simplified geometry it was concluded that inflow momentum will induce a
slow-moving, large-scale circulation which is influenced by the aspect
ratio (diameter/depth) and boundary roughness. They found that, for the
conditions modeled,the jet Reynolds number and the jet Froude number did
not significantly influence circulation. Since this model was applied to
horizontal circulation and did not consider density effects,it is there-
fore of 1imited value in analyzing destratification procedures.

36. Considerable theory and experience has been developed by the
Water Research Centre in Great Britain (Tolland 1977, 1978). Jetted sub-
surface inlets are used in several of the pumped storage reservoirs of
the Thames Water Authority. The objectives of the systems are:
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To entrain and disperse large quantities of water from
any stratified layer, thereby producing reaeration of
the reservoir.

b. To circulate the whole body of water and promote gen-
eral mixing.

37. The theoretical basis and design criteria are semiempirical and
intended to provide guidance on jet requirements to maximize vertical mix-
ing by entraining as much water as possible.

38. Johnson and Davis (1980) note that the energy input required
should be sufficient to overcome net heat energy added to the reservoir
and that the efficiency of energy transmission associated with a jet sys-
tem is about 2-5 percent. In temperate climates the required energy, Er
(J/s), can be estimated by:

heA
E = 86300 & (8)
where:
he = the‘apgroximate heat energy added by solar
radiation, 5J/m2 . day
A = reservoir surface area, m2
n = efficiency of energy transmission, dimensionless

39. The kinetic energy of the fluid is related to pumping rate and
nozzle velocity by:

E, = 1/200u° (9)
where:
p = water density, kg/m3
Q = inlet pumping rate, m3/sec
u = mean exit velocity, m/sec

40. For pumped storage operations the available flow Q is dic-
tated by other considerations,whereas for recirculating systems the value
of Q 1is a decision variable. The design problem is to maximize the ef-
ficiency of energy transfer to prevent thermal stratification.

41. Figure 1, from Tolland (1977) illustrates the ratio of total
flow to jet discharge flow for different relative depths and Froude num-
bers for both horizontal and inclined (22.5°) jets.

42. The choice of jet angle, discharge velocity,and in some cases
flow rate will depend on reservoir configuration,density differences,and
energy costs.
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The upper graph shows the family of curves for the ratio Q1/Qp for different
relative depths and Froude number for a horizontal jet. The lower graph shows
this for a jet inclined at 22.5° to the horizontal. Comparison of the two graphs
shows that horizontal jets entrain more, i.e. a higher (r/Q, ratio.

Figure 1. Jet entrainment performance (taken from
Tolland 1977).
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Chemical

43, The chemical effects of circulation are discussed in the
following sections dealing with dissolved oxygen concentrations, other
gases, pH, chemistry of the sediment-water interface, and major
nutrients.

44, Dissolved oxygen. The dissolved oxygen concentrations in
lake waters result from a dynamic summation of gains (photosynthesis,
atmospheric exchange) and losses (respiration, chemical oxidation,
atmospheric exchange). During thermal stratification, the vertical
distribution of oxygen may be closely related to depth profiles of
producers and consumers. Virtually all sources and sinks of oxygen
can be affected by mixing. As discussed above, artificial aeration by
direct exchange across the air-bubble/water interface is probably less
important than exchange with the atmosphere. Treatment effects on
temperature, photosynthetic rate, respiration rate, and chemical
oxidation processes will also influence oxygen balance (Toetz et
al. 1972).

45, Assuming a clinograde dissolved oxygen (D0) profile during
summer stratification (i.e., eutrophic lake), mixing should
immediately increase the oxygen content of lower waters while
decreasing surface concentrations. If isochemical conditions are
achieved soon after artificial destratification, the resultant DO
concentration at each depth may simply equal the weighted average
concentration before circulation, In some cases, mixing of
hypolimnetic waters, which are high in biological and chemical oxygen
demand, throughout the lake should depress the final DO concentration
below the previous weighted average. Temporary depression of DO at
all depths after mixing could produce a fishkill or other undesirable
effects on commercial or recreational resources.

46. Papst et al. (1980) describe the relationships among natural
breakdown of thermal stability, algal blooms, and summer oxygen
depietion in shallow pothole lakes of the Canadian prairie. Severe
oxygen deficiencies and fishkills only occur at times when thermal
instability produced by wind action and low insolation coincides with
or follows a period of algal bloom collapse (also, cf. Barica 1978).

47, Both the timing of artificial mixing relative to algal
blooms and the potential for oxygen consumption will determine the

21




success of a given aeration system. Several models may be used to
predict the hypolimnetic cxygen deficit in lakes, a first step toward
the prediction of oxygen concentrations (e.g., Cornett and Rigler
1979; Charlton 1980). For example, Cornett and Rigler (1979) obtained
empirically a regression equation relating areal hypolimnetic oxygen
deficit (AHOD, mg 02 m-Z day-l) to areal phosphorus retention (Rp, mg
m-2 yr'l), mean volume-weighted temperature of the hypolimnion (Ty,
OC), and mean thickness of the hypolimnion (Zy, m). That is,

AHOD = -277 + 0.5 Ry + 5.0 Tpl.74 + 150 1n zy (10)

For large, deep reservoirs, however, this equation may overemphasize
the effect of hypolimnion size (ZH) on AHOD (Walker 1979; Cornett and
Rigler 1980).

48. A more general model is given by Chariton (1980} who
relates consumption of oxygen in water (WOC) and sediment oxygen
consumption (SOC) to the areal hypolimnetic oxygen deficit:

(woc)z
AHOD = 2% + n

ot vt (11)

n
hypolimnion area, V. equals hypolimnion volume, t is time since onset

of stratification, and other terms are defined above. After deriving
specific empirical models, Chariton (1980) concluded that hypolimnion
oxygen consumption reflects hypolimnion thickness, temperature, and
lake productivity. Although Equation 10 applies mainly to small
lakes, Charlton's empirical formulations are based on data from a wide
range of basins including the Great Lakes.

49, Using a time series approach, Ivakhnenko and Gulyan (1972)
described the oxygen concentration in experimental ponds as a function
of artificial aeration intensity and oxygen concentrations in control
and experimental ponds over the previous eight hours. They derive a
relationship to predict the amount of air necessary to achieve a given
oxygen concentration. Although their approach is potentially useful,
it is much too compiex to present in detail here.

50. Long-term effects of artificial mixing on lake oxygen
levels are less predictable than immediate phenomena. Unless the

In this equation, Z_ is the mean hypolimnion thickness, An equals
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mixing system is undersized, circulation should increase average
oxygen content of the lake. Some decrease of oxygen levels in the
surface layer may occur when high concentrations were maintained
before circulation by surface algal blooms. Mixing of phytoplankton
throughout the lake will prevent surface accumulations and lower total
primary production (see below "Phytoplankton: production,
concentration, and biomass"). Some reduction in average DO
concentration should eventually result whenever circulation continues
throughout the summer, although percent oxygen saturation may remain
high. Because mixing increases average water temperature, the
solubility of oxygen in water is decreased.

51. Aeration over a long period may reduce sediment oxygen
demand since lowered primary production results in less organic inputs
to the lake bottom. The realization of benefits from lower oxygen
consumption by sediments might take several years,however. The oxygen
consumption rate does not correspond to short-term (e.g., yearly)
changes in amount of sedimented organic matter; rather, it appears to
reflect a Jong-term integral of organic sediment inputs (Graneli 1978;
Mathias and Barica 1980).

52. Mathias and Barica (1980) discuss the factors which control
oxygen depletion in ice-covered lakes. Oxygen depletion rate was
inversely related to mean depth and directly related to the ratio of
sediment area to lake volume. Although respiration per unit water
volume varied little among lakes, the respiration rate associated with
the sediments of eutrophic lakes was about three times higher than
that of oligotrophic lakes.

53. Other dissolved gases. During thermal stratification in a
eutrophic lake, carbon dioxide, hydrogen sulfide, and ammonium will
ordinarily accumulate in the hypolimnion (Hutchinson 1957).
Artificial destratification brings hypolimnetic waters to the lake
surface where excess gases may be released to the atmosphere.
Nitrification of NHg* to NO3- will also be an important mechanism for
elimination of reduced nitrogen compounds (Brezonik et al. 1969). In
general, the concentration of gases in surface waters should increase,
whereas concentrations at lower depths should decrease following
destratification., If an adequate mix is achieved, gas distributions
will become isochemical with depth.
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54. Although extremely high concentrations of dissolved oxygen
(more than twice the air-saturation level) fail to harm freshwater
fish throug» direct toxicity, combined pressures of oxygen and
nitrogen gas in excess of hydrostatic pressure may induce “gas bubble
disease" (Shumway and Palensky 1975; Weitkamp and Katz 1980). Some
corcern has been expressed that diffused-air systems used to
destratify lakes might cause supersaturation of nitrogen gas relative
to surface hydrostatic pressures (e.g., Fast 1979%a, b). Dissolved
nitrogen concentrations of only 115 to 120 percent saturation can
cause substantial mortality among salmonids (Rucker 1972; Blahm et
al. 1976).

55. During spring circulation, N, levels equilibrate at 100
percent saturation with respect to surface temperature and pressure.
Warming of the metalimnion and hypolimnion during summer results in Ny
supersaturation relative to surface pressure and ambient temperature
at depth. Nevertheless, hydrostatic pressure probably maintains this
"excess gas" (relative to surface pressures) in sglution, The entire
water column is usually close to 100 percent saturation with respect
to depth-specific temperatures and pressures (Hutchinson 1957).

56. Little information is available for predicting the effects
of artificial mixing on N, concentrations. Absolute concentrations of
N2 will increase with depth in stratified lakes, and lower waters will
be saturated with respect to surface temperature and pressure. Thus,
it seems 1ikely that mixing would vent some N, to the atmosphere, as
is the case with other gases discussed above. Initial effects of
mixing high N, water into the surface layer have not been
investigated. To what extent aeration causes N2 supersaturation with
respect to depth-specific conditions is unknown.

57. pH. In many lakes, pH is controlled by the bicarbonate
system (Hutchinson 1957; Wetzel 1975). Based on predicted changes in
CO, concentratiuns, artificial destratification should cause a
decrease in pH of surface waters and an increase in pH near the lake
bottom. Intense mixing should lead to isochemical conditions of pH
with depth. Control of algal blooms near the surface will prevent
high biogenic pH. Because changes in C02 and related pH effects have
a critical role in controlling phytoplankton species composition,
these topics are be considered further in a later section,

24




58. Nutrients: phosphorus, nitrogen. Artificial mixing before
the onset of stratification should prevent the accumulation of
nutrients in bottom waters during summer. Under thermally stable
conditions, phosphate and ammonium would normally reach high levels in
the hypolimnion of a eutrophic lake due to release from anaerobic
sediments (e.g., Mortimer 1941, 1942; Fillos and Swanson 1975;
Freedman and Canale 1977; see below, "Redox reactions and internal
nutrient loading"). Relative to the hypolimnion, the epilimnion is
deficient in available nutrients as a result of phytoplankton uptake,
sedimentation, and outflow losses. Artificial destratification after
a sufficient stagnation period will therefore mix nutrient-rich bottom

waters into the surface layer, increasing phosphorus and nitrogen
concentrations there. Some loss of total PO4E and NHa* from the water
column is expected also. Oxygenation of previously anoxic waters
containing soluble iron and manganese leads to precipitation of
phosphate through formation of Fe*** and Mn*** complexes (Mortimer
1941, 1942; Hutchinson 1957; Fitzgerald 1970). Reduced nitrogen
compounds will decrease in concentration as NH3 is vented to the
atmosphere and as nitrification proceeds. Accordingly, NO3-
conceritrations are higher throughout the lake after destratification
than before. Increased concentrations of nutrients in the upper
waters should be a temporary phenomenon as rapid uptake by
phytoplankton will deplete P04 and NO3~.

59. Average concentrations of total phosphorus and total
nitrogen in the water column may be elevated by artificial mixing.
Induced turbulence maintains organic particles in suspension;
moreover, artificial circulation will resuspend bottom deposits at
high pumping rates. The availability of particulate phosphorus and
nitrogen to phytoplankton is variable according to species and
environmental conditions. In any event, transformation of resuspended
organic matter to available forms is possible, but the complexity of
biotic-abiotic interactions precludes further predictions without mass
balance modeling of specific lakes and mixing systems.

60, Redox reactions and internal nutrient loading. Under
anoxic conditions in bottom waters, a low redox potential will allow
large releases of phosphates from decomposing sediments due to
dissolution of ferrous phosphate and other iron complexes (e.g.,
Mortimer 1941, 1942; Fillos and Swanson 1975; Chen et al, 1979). The
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rate of phosphorus release into anoxic hypolimnetic waters has been
successfully modeled as a diffusion process (Kamp-Nielsen 1974;
Freedman and Canale 1977; Holdren et al. 1977).

61. MWhen overlying waters are oxygenated, phosphates still move
from deeper anaerobic layers of the sediments toward the surface; but
once the phosphates near the top few millimeters of sediment, known as
the oxidized microzone, they are largely retained as ferric complexes
and prevented from entering the water (Mortimer 1941, 1942; Hutchinson
1957; Fillos and Swanson 1975)., Thus, "conventional wisdom” presumes
that artificial mixing will reduce internal loading of nutrients by
maintaining the oxidized microzone (Toetz et al. 1972; Dunst et
al. 1974; Fast 1979a). As these authors point out, this is not
necessarily the case (see below). Others have postulated that ferric
complexes play a minor role in controlling phosphorus regeneration
(Lee et al. 1977).

62. Additional factors influencing phosphorus release from
sediments may obscure the relation between DO levels and release rates
(Holdren and Armstrong 1980). Water movement over the sediments
generally elevates nutrient release rates, but sediment resuspension
reduces dissolved reactive P levels (Holdren and Armstrong 1980).
Higher temperatures stimulate bacterial activity, causing greater
mineralization of organic matter and possibly oxygen depletion
(Kamp-Nielsen 1975; Holdren and Armstrong 1980). Under aerobic
conditions, iron-rich sediments contribute less phosphorus to
overlying water than do calcareous deposits (Holdren and Armstrong
1980). Frevert (1980) concluded that little or no oxic P-release from
profundal sediments of Lake Constance occurs since the iron to
phosphorus atomic ratio in the oxidized surficial layer is greater
than 3 - 4 (pH = 7.5 - 8.0).

63. Benthic macroinvertebrates have a major influence on
nutrient release rates from sediments. When tubificid worms and
emerging chironomids were abundant, Holdren and Armstrong (1980) found
high P release, independent of water mixing and oxygen concentration
over a wide range of conditions. Although chironomid larvae do
facilitate phosphorus transfer from mud to water, possibly in a
density-dependent manner (Porcella et al. 1970; Gallepp et al. 1978),
tubificids are probably unimportant in this regard (Davis et al. 1975;
Gallepp et al. 1978; Gallepp 1979). Others have suggested that
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benthic fauna reduce nutrient exchange by decreasing diffusion
gradients between sediments and water (Schindler 1975) or by modifying
sediment composition (Frevert 1980). These latter effects undoubtedly
depend on species-specific activities and site-specific conditions.

64. Aerobic sediments may therefore exhibit high rates of
phosphorus release (Porcella et al. 1970; Holdren and Armstrong 1980).
They might still act as a net sink for phosphorus depending on the
balance between sedimentation and net nutrient exchange across the
sediment boundary (Mortimer 1971; Graetz et al. 1973). However,
observations of reduced nutrient release after water overlying the
sediments is oxygenated (e.g., Frevert 1980; Holdren and Armstrong
1980) may depend on the absence of significant macroinvertebrate
populations.

65. Since artificial circulation allows invasion of the
profoundal zone by macroinvertebrates, high nutrient release rates may
prevail even after establishment of an oxidized sediment microzone.
Moreover, higher temperatures in bottom waters and turbulence induced
by mixing should enhance nutrient release (Fast 1971a, 1979a).
Circulation may have little effect on internal loading from sources
other than profoundal sediments; e.q., nutrient leakage from
macrophytes (DeMarte and Hartman 1974; Lehman and Sandgren 1978) and
decomposition of littoral sediments (Wetzel 1975). The importance of
internal loading in lakes with a long history of cultural
eutrophication has been demonstrated (e.g., Bengtsson 1975; Freedman
and Canale 1977; Larsen et al. 1975; Cooke et al. 1977), but its rale
in noneutrophic lakes is less clear {e.g., Schindler and Fee 1974).
Biological

66. The biological changes induced by artificial circulation
are both direct and indirect. They depend on manipulations of the
chemical and physical environment as well as immediate modification of
organism survival and distribution, The predicted biological effects
of whole lake mixing are generally related to phytoplankton
concentration and biomass, phytoplankton species composition, and
fisheries resources.

Phytoplankton: production, concentration, and biomass

67. The phytoplankton concentration or biomass found in the
water column at a given time is dependent on growth and loss
processes. Some of the main factors affecting phytoplankton growth
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and removal rates are temperature, light intensity and quality,
nutrient concentrations, sinking rate, grazing intensity, and disease
occurrence. Although most uf these parameters have received
considerable attention from phytoplankton ecologists, little work has
been done on formulation of models relating artificial mixing to
changes in factors controlling algal loss rates. Prediction of peak
biomass has concentrated on nutrient and light effects in relation to
mixed depth (e.g., Murphy 1962, Lorenzen and Mitchell 1975), although
a general loss rate term is sometimes incorporated (e.g., Forsberg and
Shapiro 1980a). Examples of these models will be reviewed in detail
below.

68. Temperature. Ambient temperature levels affect phyto-
plankton growth rate kinetics, photosynthetic rates, respiration
rates, and nutrient uptake rates (Goldman 1980). Recent reviews of
the influence of temperature on phytoplankton growth processes have
emphasized the difficulties encountered in studying temperature
effects in natural waters and the meager amount of field data
available (Eppley 1972; Goldman 1980). Eppley (1972) suggested that
temperature has little effect on phytoplankton production in the sea,
probably because growth rates in nature are typically well below the
potential or maximum rates. From laboratory experiments, however, it
is well known that temperature can greatly influence cell physiology
and growth rates. Increase of nutrient uptake rates and cell size at
low temperature may compensate for lower cell division rates (Goldman
1980).

69. Temperature effects have been incorporated into models
relating mixed depth to algal biomass or concentration in a general
way only (e.g., see below). Although such models include terms for
algal photosynthetic rates and respiration rates, specific formulation
for temperature dependence are rarely given for these processes.
Stefan et al. (1976) related potential growth rate to temperature by a
simple equation expressing linear dependence.

70. Computation of water column temperature is usually based on
a model of the reservoir heat budget. Heat exchange at the lake
surface is related to solar radiation, atmospheric radiation, water
surface radiation, evaporation heat flux and sensible heat flux.
Specific models of these processes are available in a review by Orlob
(1977).
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71. As previously discussed, artificial circulation during the
productive season (spring-autumn) generally leads to a decrease in the
temperature of surface waters, an increase in the temperature of
bottom waters, and a rise in overall heat content of the lake.
Temperature-mediated effects on phytoplankton depend on the vertical
distributions of species before and after artificial mixing as well as
the changes in the balance between photosynthesis and respiration.

72. At present, no specific formulations have been proposed to
examine temperature-related effects of artificial circulation on algal
physiology. In most circumstances, the processes are complex and
therefore unpredictable from simple considerations. Nevertheless,
several points are worth noting. First, populations that were
formerly epilimnetic will experience a slight decrease in temperature
after mixing treatment. Temperature-related variation in rate of
respiration may be more important in determining net algal production
than are changes in gross photosynthetic rate (Lorenzen et al. 1980).
If this is true, then mixing would induce a thermal-mediated drop in
net production, unless surface light inhibition was important
previously. In many species of algae, the light intensity that
produces saturation of photosynthetic rate is positively related to
temperature (Aruga 1965). Phytoplankton occupying the lower
metalimnion or hypolimion before treatment will experience a rise in
ambient temperature and probably a boost in net production, Since
temperature relationships are species-specific (Aruga 1965), shifts in
algal species composition induced by mixing will modify temperature
responses. In any case, the changes resulting directly from
temperature shifts related to mixing will probably be small compared
with the consequences of shifts in light availability, nutrient
concentrations, and other factors discussed below.

73. Light. Light intensity has a critical role in controliing
algal photosynthetic rate. Phytoplankton photosynthetic rate is
positively related to 1ight intensity but cells have an upper limit
(saturation level) to photosynthesis at higher light levels.
Inhibition of photosynthesis may occur at extreme light intensities,
especially at higher temperatures (Aruga 1965). Zison et al. (1978)
have reviewed a number of mathematical formulae used to describe algal
growth rate as a function of light intensity. Several different
formulations have been used by researchers interested in predicting
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the effects of artificial mixing on lake phytoplankton (e.g., Lorenzen
and Mitchell 1973, 1975; Oskam 1978; Forsberg and Shapiro 1980a). All
of these are based on calcutation of integral net photosynthesis from
a consideration of depth-specific photosynthetic rates, daily integral
respiration, and light intensities.

74. Prediction of light intensity as a function of water depth
must account for the attenuation of light by the water itself, by
dissolved substances, and by suspended particulates including
phytoplankton., The commonly used equation assumes exponential decay
in light intensity with depth. The total attenuation coefficient is
partitioned into an algal fraction (£C) and a nonalgal fraction (o) in
the expression:

Iq = Iy exp[-(a + 8C)d] (12)

I4 = illumination at depth d, lux
I, = surface illumination, Tux
d = depth, m

a = attenuation coefficient for water, dissolved substances and
nonalgal particles, m~

8 = incremental attenuation coefficient for algae, mé mg cm-1

C = algal concentration, mg Ch]/m3
Note that the relative importance of each term will depend on
site-specific conditions. For example, different values of algal and
nonalgal attenuation coefficients are given by Talling (1971), Steel
(1972), Bindloss (1976), and Jewson and Taylor (1978). Atlas and
Bannister (1980) found that the extinction coefficient associated with
suspended algae (B8) varies with depth, water color, and algal species.
The coefficient increases with depth in blue water, decreases with
depth in green water and changes relatively littie in blue-green
water, The greatest changes between water colors were observed for
green algae.

75. Haffner and Evans (1974) discussed the relationship between
suspended particles and light penetration in reservoirs of the Thames
Valiey, U.K. They found that l1ight attenuation was highly correlated
with total particulate surface area, but less so with total
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particulate volume. They suggested that artificial mixing aided the
suspension of high silt loads in Queen Elizabeth II and Wraysbury
Reservoirs, limiting the depth of light penetration.

76. Jewson and Taylor (1978) examined the relative influence of
phytoplankton and nonalgal turbidity on net planktonic photosynthesis
in Irish lakes. Self-shading by phytoplankton was generally
unimportant in these lakes, although it does play a role in Loch
Leven, Scotland (Bindloss 1976) and Ethiopian soda lakes (Talling et
al. 1973). The nonalgal component of turbidity may be high enough to
severely depress photosynthetic rate per unit area of lake surface
(e.g., see Jewson and Taylor (1978) for references).

77. The average light intensity experienced by an assemblage of
phytoplankton in a mixed layer of depth z, is given by Tilzer and
Goldman (1978) as:

2=2 =z -
T'(z)=J_/ ml'dz=21-j "o e %z (13
m ‘n 2=0 z m “ z=0

I'(z,) = average light intensity of exposure in mixed depth Z5 Tux

1', = subsurface photosynthetically available radiation
(PhAR) at depth z, assumed to be 0.46 of total visible
Tight (Talling 1971), Tux

I'y = photosynthetically available radiation immediately
below the surface, lux :

e = vertical light extinction coefficient, m~
Lorenzen and Mitchell (1973, 1975), Steel (1972), and others have
followed Vollenweider's (1965) suggestion for use of the "standard
light day" which uses a cosine function to describe the light
intensity as a function of time when the number of hours of daylight
and noon intensity are known.

78. The following section describes several models which have
been used recently to describe the relationship between light
intensity and algal photosynthesis or growth. These formulations have
been chosen because each is part of a model linking mixed depth to
peak algal biomass, a relationship which has been used to evaluate the
effects of artificial mixing on phytoplankton. Other theoretical
explorations of the relation between daily integral photosynthesis and
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light attenuation include equations by Steele (1962), Vollenweider
(1965), Fee (1969), Bannister (1974a, b; 1979), and Megard et
al. (1979). These will not be reviewed here.

79. In evaluating the theoretical effects of artificial mixing on
phytoplankton, Lorenzen and Mitchell (1973, 1975) have modeled the
growth rate of algae in relation to light intensity by:

KnaxA!

K= — 172 (14)
[1 + (AI)Z]
where:
K = specific algal growth rate, day'1
Kmax = specific algal growth rate at light saturation and

temperature of interest, day‘1

A = a constant proportional to rate at low light
intensities, lux-!
I = light intensity, lux

80. Combining this equation with the model of light attenuation
(Equation 12) and subtracting a general respiration loss term,
Lorenzen and Mitchell (1973, 1975) integrated net production over the
mixed depth and over Vollenweider's (1965) "standard light day" to
obtain an expression for the daily rate of net production in the water
column:

'/AT
aT - o+ gc \aT 0 ]ll(AIo(t) +

‘l + [AIO(t)]Z} Vz)dt - A]_T /A:‘ln AIo(t) exp[-( a + (15)

acz)  “Kpax (1

8C)z] + (1 + {Alo(t) exp[-( a + sc)ZJ}z)‘/z}dt

AT
A'—T/ . RCZ(dt))
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where:
T = the time interval chosen for evaluation, hours
Io(t) = surface light intensity at time t, lux
R = specific algal respiration rate, day"1

and other terms were defined previously.,
81. Using a similar approach, Oskam (1973, 1978) has related

gross photosynthesis per unit of lake surface and time (Zpgross) to
light availability by:

z =C ——33591—— < F(i)-a cm~24”!

“Pgross v ew+C- € 9 (16)

where:
Pmax = maximum photosynthesis rate per unit of algal biomass
(g C mg Ch1-1 h‘l)
ey = extinction coefficient of the water without algae (m-1)
ec = specific extinction coefficient per unit of algal
concentration (m2 mg Ch]‘l)
F(i) = dimensionless function of light intensity
A = daylight hours
82. In assessing the effects of changes in mixed depth on lake
phytoplankton, Forsberg and Shapiro (1980a, b) have used a formulation
developed by Megard et al. (1979) to calculate daily integral rate of
phytosynthesis, = (mg C m-2 day'l):

]n(Io/Izu )Pmaxc

L ecc + €W (17)

where:
I, = the intensity of PhAR just below the surface, lux
I,i = the intensity of PhAR at the depth z', Tux
z' = a depth in the water column defined empirically as
2" =1 /(Ppaxc)s (meters)
¢ = the concentration of chlorcphyll a in the mixed
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layer (mg Chl m‘3)

the partial coefficient for the attenuation of PhAR
by chlorophyll g_(m2 mg Chl‘l)

the partial coefficient for the attenuation of PhAR
by water and substances other than chlorophyll a
dissolved or suspended in the water (m-l)

83. This approach assumes that photosynthetically available
radiation (PhAR) reaches saturation levels in the lake and that
phytopiankton are uniformly distributed throughout the mixed layer
(Forsberg and Shapiro 1980a).

84. Stefan et al. (1976) used the following model to describe
light limitation of algal growth in Halsted's Bay, Lake Minnetonka:

€w

lC (”f"z'r%% \]7) (18) B

where:

C = phytoplankton concentration, mg Ch]/m3

r- growth coefficient = K] T , day

K] = temperature growth coefficient, day']

T = temperature

ry = loss rate = K, T , da,y'1

K2 = temperature respiration coefficient, day']

F = function relating growth to 1ight intensity, dimensionless

V = volume of the mixed layer, m3

I = constant (either O or 1)

The last term within the parenthesis accounts for dilution of total
algal biomass (C-V) when the volume of the mixed layer is increased by
dV. If the volume of the mixed layer decreases, however, there is a
loss in phytoplankton mass without a change in concentration. If dV > <
O, then T =1 and if dV < 0, then T = 0, Settling losses are implicit i
in this model.

85. To relate algal growth to light intensity, Stefan et
al. (1976) used an equation by Steele which gives linear dependence of
growth rate at low 1ight intensities, maximum growth rate at light
saturation, and declining growth at excess light levels. That is:
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S
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n

light limitation coefficient, dimensionless

ambient average light intensity experienced by
phytoplankton, lux

¢ = saturation light intensity, lux

Stefan et al. (1976) give an equation used to calculate I depending on
mixed depth and light attenuation. They apply Equations 18 and 19 to
different vertical strata of the lake during successive time
intervals. By integrating over depth Stefan et al. (1976) simulate
changes in areal algal biomass throughout the productive season
(May~October) as a function of mixed depth (see below, "Peak biomass
vs. mixed depth").

86. Nutrients. The formulations discussed above treat the rate
of phytoplankton growth under light-limited conditions only; nutrients
are assumed to be present at saturation levels. The role of nutrients
in controlling algal growth is well known however. Thus, a general
model must include nutrient limitation terms as well as components
relating to light intensity. In the development of theories for
evaluating the effects of artificial circulation, two basic approaches
to modeling of nutrient limitation have been taken.

87. The first approach is exemplified by Lorenzen and
Mitchell's (1973, 1975) calculation of total nutrient-limited biomass
(peak algal biomass). They view nutrients as biomass limiting factors
where an impoundment has a capacity to produce a certain algal
biomass, X, before nutrient depletion limits further growth. The peak
algal biomass supported by water column nutrients is:

—
n

CZ = XZ (20)
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where:

]

algal concentration, mg/1
depth of uniform algal distribution, m

capacity of system to produce algal biomass before
nutrient(s) is (are) depleted, mg/1

This equation applies to well-stratified reservoirs with uniform algal
distributions in the mixed layer or artificially mixed reservoirs in
which uniform distributions of phytoplankton are maintained throughout
the water column.

88. The second approach to nutrient-phytoplankton modeling,
followed by Forsberg and Shapiro (1980a, b), views nutrients as
rate-limiting factors; i.e., limiting photosynthetic rate or growth
rate. (Biomass limitation is then treated by setting rate equations
equal to zero and solving for a steady-state peak algal level.) The
basis of this approach is an expression relating specific
photosynthetic rate to cell nutrient quota (Senft 1978; Forsberg and
Shapiro 1980a):

>x N O
[[]

Popt = Popt (1~ <) (21)

Popt = the maximum specific rate of photosynthesis in
saturating light (mgC mgChl‘1 hr'l)

P opt = the maximum specific rate of photosynthesis when both
nutrients and light are saturating (mgC mgCh1-1 hr'l)
Q = the cell quota of 1imiting nutrient (mg mgCh]‘l)
kq = the minimum cell quota of nutrient required for
photosynthesis to occur (mg mgCh]‘l)
This equation is an extension of the cell nutrient quota model
developed by Droop (1973). In an attempt to incorporate external
nutrient concentrations into cell quota models, a number of so-called
“internal pool models" have been developed. In practice, the cell
quota in Equation 21 can be approximated by the ratio of the total
concentration of limiting nutrient, So (mg/m3), to the concentration
of chlorophyll, C, such that Popt is expressed as a direct function of
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total nutrient concentration (Forsberg 1980). In addition, Forsberg
(1980) replaced kq by the minimum ratio of SO/C required for
photosynthesis to occur (i.e., kq'). Then, the maximum specific daily
rate of photosynthesis (Pmax) is described by an expression analogous
to Equation 22:

)
_ 55 o
Pmax ~ Pmax Q S,/ ¢C (22)

where:

Pmax = the maximum specific daily rate of photosynthesis when
nutrients are saturating

89. More complicated "simulation" models proposed to describe
algal growth under nutrient limitation (Lorenzen et al. 1980) have not
been used to evaluate artificial mixing. Moreover, these models
generally contain numerous parameters which are difficult or
impossible to evaluate in the field.

90. Loss rates: sinking, grazing, and parasitism. Most
modelers of phytoplankton response to destratification focus on the
relation of peak algal biomass to mixed depth. Implicit in their
approach is the assumption that peak biomass is not significantly
altered by population losses due to extrinsic factors such as grazing,
sinking, and parasitism. Of the models described above, the only one
which includes extrinsic losses is the expression derived by Forsberg
and Shapiro (1980a, b). These authors incorporate all losses into a
single constant without specifying functional dependence on critical
system components. For example, algal population density and
herbivore density affect grazing intensity (McMahon and Rigler 1965;
Lehman 1980a); temperature and light intensity influence sinking rates
(Burns and Rosa 1980); and algal population density and environmental
conditions may affect disease incidence (Shilo 1971).

91. Sinking of algal cells out of the mixed layer can lead to
significant population losses, especially for large diatoms such as
Asterionella and Melosira (Lund 1959, Reynolds 1976b, Lewis 1978).
Reynolds (1976a) estimated that Fragellaria population losses due to a
sinking rate of 0.5 m/day amounted to approximately 10 percent of the
population per day. On the other hand, Jassby and Goldman (1974)
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calculated that sinking could account for an average loss of only
0.004 of the phytoplankton standing crop per day in Castle Lake,
California,

92. Sinking losses are incorporated into a general mass
conservation equation expressing phytoplankton gains and losses in
three dimensions {(e.qg., DiToro 1980). Because the mathematical
complexities prevent a comprehensive analysis of vertical and
horizontal transport processes, the analysis has been reduced to a
one-dimensional case; i.e., horizontal gradients are considered
negligible compared with vertical and temporal gradients. DiToro
(1974, 1980) represents phytoplankton change as:

P 9

S (E D)+ 55 (W) = (6-D) P

@
Il
@

(23)

where:
P = concentration of phytoplankton biomass
z = vertical coordinate direction
£ = dispersion coefficient
w = vertical transport velocity (i.e., sinking rate when
negative)
G = population growth rate

D = population death rate

93. In general, the presently available models of phytoplankton
dynamics do not consider sinking processes adequately (Park and
Collins 1980; Lorenzen et al. 1980). Sinking rate is a function of
cell shape, surface area to volume ratio, organism density, cell
surface chemistry, and the viscosity and turbulence of the surrounding
medium (Hutchinson 1957; Smayda 1970). Most of these cell
characteristics are affected by physiological state. Titman and
Kilham (1976) have shown thati nutrient depletion leads to increased
sinking rate. Cells taken from a stationary phase culture sink
significantly faster than those obtained from exponential phase of
growth (Smayda 1974; Titman and Kilham 1976). The general model of
Scavia et al. (1976) may 'e the only one that accounts for
physiological influences on sinking rates (Park and Collins 1980).
Most general models incorporate a constant sinking rate only.
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94. Although a quantitative analysis of the effects of
artificial circulation on algal sinking rates is lacking at this time,
several qualitative predictions can be stated. First, decreases in
epilimnetic temperatures brought about by artificial mixing will
increase water viscosity and lessen sinking from the upper water
layer. Since such temperature decreases are small (Toetz et al. 1972;
Pastorok et al. 1980), this effect will probably be negligible.
Temperature increases in lower waters due to destratification are
significant however, leading to a prediction of increased rates of
sinking from the euphotic zone. Nevertheless, induced turbulence
which helps to maintain algal cells in suspension will almost
certainly override any influence of temperature shifts. Finally, it
should be noted that blue-green algae have a special buoyancy-
regulating mechanism (e.g., Reynolds 1972, 1973). making it impossible
to predict effects of mixing on sinking losses for this group.

95. Although formulations for grazing influences on
phytoplankton have not yet been incorporated into models of artificial
destratification, considerable theoretical analysis of zooplank-
ton-phytoplankton interactions has been accomplished (review in Lehman
1980a). The components of zooplankton grazing include ingestion,
assimilation, respiration, excretion, egestion, and allocation of
energy and nutrients to maintenance, growth, and reproduction. Lehman
(1980a) presented typical formulations for each of these processes.
He concluded that comprehensive models of zooplankton dynamics are
presently rare. Most models fail to incorporate population size
structure, age structure, and other life history characteristics.

96. Aeration should allow zooplankton to occupy the entire
water column. In the absence of treatment, zooplankter may be
restricted to the upper waters of a eutrophic reservoir because of
anoxic conditions in the hypoltimion (Fast 1971b; Heberger and Reynolds
1977; Brynildson and Serns 1977). Some coldwater species such as
Daphnia longiremis, which is usually found in the hypolimnion, may be
eliminated at the time of oxygen depletion (Heberger and Reynolds
1977). Artificial acration should allow such species to persist
throughout summer, unless temperature intolerence is a factor.

97. Because artifical mixing initially dilutes phytoplankton
and zooplankton populations, grazing intensity will decline
immediately as a result of lower focd concentrations. Eventually,
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zooplankton grazing may increase following artificial mixing due to:
(a) higher zooplankton abundance upon relaxation of fish predation;
(b) higher ingestion rates due to invasion of more efficient grazers;
(¢) higher zoopltankton abundance due to increased food or alternative
food resources; and (d) higher ingestion rates because of the shift
toward a more edible algal resource.

98. By oxygenating bottom waters, artificial aeration extends
habitat for both zooplankton and fish, distributing their numbers
throughout a greater water volume compared to before treatment.
Moreover, dark bottom waters serve as a prey refuge, prote-ting
zooplankters from visual predators which depend on relatively high
light levels for efficient feeding (Zaret and Suffern 1976; Jacobs
1978). Reduction in encounter rates between fish and zooplankton
lessens predation pressure and allows population growth and invasion
of large-bodied zooplankton (Hrbacek et al. 1961; Andersson et
al. 1978; DeBernardi and Giussani 1978). Since ingestion rate is
size-related, large species such as Daphnia are more effective at
controlling algal populations than are small zooplankters (Haney 1973;
Hrbacek et al. 1978). Because they release less phosphorus per unit
body weight than smaller forms do (Bartell and Kitchell 1978), large
zooplankton species recycle less nutrients for use by phytoplankton.

99. Two other factors could elevate zooplankton abundance after
artificial circulation. Mixing often resuspends organic detritus from
bottom sediments. Although this material would be refractory in
general, it could serve as an important alternative food resource
(Saunders 1972). A shift from blue-green algae to green algae often
accompanies mixing experiments (see below). Blue-green algae are
generally inedible and sometimes toxic to zooplankton (Arnold 1971;
Porter 1973; Webster and Peters 1978; Porter and Orcutt 1980). Green
algae are usually a preferred food resource, although some large
species may be unaffected by grazing. Gelatinous greens may actually
increase population growth in the presence of grazers (Porter 1975,
1976). In general, both green algal dominance and provisioning of
detrital food resodrces should favor increased zooplankton abundance.

100. The experiments of Andersson et al. (1978) illustrate the
possible impact of fish on phytoplankton-zooplankton interactions.
They found that dense fish populations released nutrients and kept
planktonic cladocerans at low population levels, causing blooms of
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blue-green algae. In experimental encliosures without fish, large
cladocerans prospered and grazed the phytoplankton down to low levels.

101. The ultimate effect of artificial mixing on phytoplank-
ton-zooplankton interactions may depend on the physical-chemical
milieu and successional time scale. The selective effect of grazers
is well known (Porter 1973, 1977; Lynch 1979; also see below), and
removal of favored food species may actually lead to domination of the
phytoplankton assemblage by grazer-resistant forms. Depending on
other environmental conditions, these may be blue-greens,
dinoflagellates, or gelatinous greens. In any event, if a
successional sequence is driven by intense grazing pressure, the end
result could be a bloom of undesirable algae.

102, Parasitic fungi, bacteria, and viruses are capable of
causing substantial mortality in phytoplankton populations. Wetzel
(1975) postulated that parasitism increases in eutrophic waters. The
best documented cases of fungal infections in phytoplankton are the
studies in the English Lake District by Canter and Lund (1948, 1969).
Chytrid fungi were responsible for significant reduction of the
dominant desmids, and in combination with low nutrient levels they led
to the decline of diatoms (Asterionella). Although host-specific
parasites would be expected to modify competitive interactions between
phytoplankton species, seasonal patterns of algal succession were
apparently unaffected by fungal infections in the English Lake
District.

103. Bacteria and viruses frequently colonize healthy
blue-green algae (Shilo 1971) although stressed cells, particularly
those growing under low nutrient conditions, may be even more
susceptible to infection (Jones 1976). 0DePinto (1979) presents a
comprehensive review of colonization processes and mortality due to
parasites and disease.

104. In general, little progress has been made in modeling
parasitic phenomena, although some investigators have included the
effects of disease-related mortality implicitly (cf. Park and Collins
1980). None of the models of artificial destratification have
included specific formulations characterizing the behavior of
parasite-phytoplankton systems. There seems little reason to believe
a priori that whole lake mixing should affect the incidence of disease
or parasites in plankton populations. However, empirical evidence
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suggests that mixing may produce pH conditions favorable to the
invasion of cyanophages; viruses specific to blue-green algae (Shapiro
et al. 1975). Since the selective effects of disease have a profound
influence on phytoplankton species composition, this information will
be discussed more fully below.

105. Peak biomass vs. mixed depth. Accurate predictions of
peak algal biomass based on depth of the mixed layer depend on
realistic models which incorporate terms for all potentially
significant factors regulating photosynthetic gains and biomass
losses: 1light, nutrients, respiration, grazing, sinking, and disease.
Early models concentrated on the effects of light on algal production
(e.g., Sverdrup 1953; Murphy 1962; Vollenweider 1965). Bella (1970)
added the effect of sinking rate on loss of algal cells from the mixed
layer.

106. Oskam (1973, 1978) modified Vollenweider's (1965) basic
equation to include respiration as well as incremental attenuation
coefficients due to light absorption by phytoplankton. After
obtaining an expression for net photosynthesis as a function of
maximum photosynthetic rate, light intensity, and mixed depth, the
steady-state concentration of algae, Chax (mg Ch) m'3) is found by
setting the photosynthesis equation equal to zero and rearranging.

Thus:
1 F(i)x
Cnax = T | 20z, ~Cw (24)
where:
F(i) = dimensionless function of light intensity

A = daylight hours

r = ratio of respiration and photosynthesis at optimum light

Z, = mixing depth (m)

24 = hours per day

and other terms are defined above. Note that nutrient effects and
biomass losses other than those due to respiration are not
incorporated into Oskam's model. Based on Equation 23, and assumming
numerical values of e . = 0.02, F(i) = 2.7, » =12, and r = 0.05 (Oskam
1978), Figure 2 shows the relationship between maximum algal biomass
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and mixed depth for different levels of nonalgal attenuation of light.

107. Lorenzen and Mitchell (1973, 1975) followed a similar
approach and found that peak algal biomass limited by light was given
as:

K LT
cz = [—} /0 In (A1 () + {1+ [AI (£)]%) ]/z)dt]

- (a/8)Z (25

This implies an inverse linear relation between light-limited biomass
and mixed depth with the line having a slope of -o/g (Figure 3). A
separate expression (see above Equation 20) is used to relate peak
nutrient-limited biomass to mixed depth, giving a straight line with
positive slope equal to the capacity of the system to produce algal
biomass before nutrients are depleted.

108. Although the mode)l of Lorenzen and Mitchell (1973, 1975)
ignores the effects of mixing on algal losses by sinking, grazing, and
parasitism, it places an upper bound on predicted levels of biomass
developing under a variety of circumstances. From Figure 3, one
predicts that artificial mixing will have opposite results in lakes
where different factors 1imit phytoplankton growth. For example, if
algae are limited by nutrients before artificial circulation, a slight
increase in mixing depth could cause an elevation of standing crop
(e.g., point A to point B in Figure 3), a result opposite to that
found in the light-limited case (e.g., C to D in Figure 3).

109. When mixing shifts the controlling mechanism from nutrient
limitation to light limitation, a moderate increase in mixed depth
will cause a substantial rise of peak algal biomass or at best only a
slight decline (A to C or B to C, respectively, in Figure 3). For
large increases in mixed depth, however, the imposition of light
lTimitation can cause substantial decreases in areal algal biomass (B
to D in Figure 3). It should be noted that when water column biomass
decreases with a deepening of the mixed layer, the concentration of
algae will decrease dramatically because less biomass is distributed
in a much larger water volume. In any event, since the slope of the
ascending curve in Figure 3 equals the capacity of the system to
produce algae, the slope for oligotrophic lakes will be smaller than
that for eutrophic lakes. Therefore, any given change in mixed depth
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over the range of nutrient-limited biomasses should result in only
small displacements of standing crop in oligotrophic lakes compared
with potential shifts in richer lakes.

110. Instead of treating nutrient limitation and light
limitation separately, Forsberg and Shapiro (1980a) have combined
Equation 17 and Equation 22 to incorporate both 1ight and nutrient
effects into a single expression for peak chlorophyll a concentration
(C*) in the mixed layer:

) S
£ In(1/1,) P - e, 7 00 _ ”
s Iy © 0 - (INTJTJps — Ky 7S, (

where:
© = ratio of carbon to chlorophyll a in the algae (mg C mg
chl-1y
D = specific loss rate (day-l)

Z, = depth of the mixed layer (meters)

Figure 4 shows the dependence of peak algal concentration and biomass
on mixed depth and total phosphorus.

111, Based on Equation 18 above, Stefan et al. (1976) have
calculated the depth-integrated biomass of phytoplankton in the mixed
layer of Halsted's Bay, Lake Minnetonka from May through October
(Figure 5). They compared natural phytoplankton levels with model
calculations based on artificially mixing the lake to 6-m and 9-m
depths, The simulations showed that increasing the mixed depth
stabilized phytoplankton biomass at low levels compared to the natural
condition (Figure 5).

112, Limitations of theory. The following considerations place
limits on the precision and reality of models relating phytoplankton
growth rate and biomass to mixed depth:

a. Failure to incorporate explicit terms for temperature
dependence of some processes.

b. Adaptation of algae to past conditions; for example,
nutrient uptake rates change with previous nutritional
history and relations between photosynthetic rate and
Tight intensity depend on recent exposure.

c. Variation of the algal extinction coefficient (8) with

depth, water color, and algal species (Atlas and
Bannister 1980).
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Figure 4, Relation of peak chlorophyll concentration (C*)
and areal biomass (C*Zp) to r ixed depth (Zy) and
total phosphorus (TP).

(adapted from Forsberg and Shapiro, 1980b).
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d. Difficulties of obtaining field estimates of some
parameters; e.g., sinking rates, light intensities.

e. Variations of algal community responses with shifts in
species composition (Forsberg and Shapiro 1980a, b).

f. Model assumptions requ re that phytoplankton be
uniformty distributed throughout the mixed layer.

g. Interactions among factors limiting algal growth, e.q.,
light, phosphorus, and carbon dioxide availability
(Young and King 1980).

Phytoplankton: species composition

113. Artificial circulation changes the species composition of
the phytoplankton through physical, chemical and/or biological
modifications which shift the balance of population gains and losses.
These effects may include direct disruption of individual species

distributions, physical damage to cells, or indirect environmental
modifications leading to competitive imbalance, differential sinking
rates, selective grazing or selective parasitism. Quantitative models
of algal species interactions have not yet been applied to probiems of
artificial destratification.

114, Disruption of vertical profile. Some phytoplankton,
expecially blue-green species, occupy discrete depth layers in lakes,
probably to take advantage of favorable light, temperature, and/or
nutrient conditions. For example, Oscillatoria species often exhibit
a metalimnetic population maximum (Bernhart 1967; Weiss and Breedlove
1973; Smith et al. 1975), usually near the bottom of the euphotic zone
(Reynolds and Walsby 1975). Other phytoplankton species, such as the
dinoflagellate Ceratium hirundinella, exhibit diel vertical migrations
(Talling 1971; Burns and Rosa 1980). Presumably, their movements from
one water layer to another allow them to exploit various resources
available at different points along spatial and temporal gradients.
For example, Ceratium may absorb dissolved nutrients from rich
hypolimnetic waters at night and utilize high Tight levels available
in the epilimnion during the day (Reynolds and Walsby 1975).

115. Artificial mixing will destroy vertical gradients in
temperature and nutrients, subjecting the phytoplankton assemblage to
a more homogeneous environment. Deep circulation may therefore select
against those species which exploit specific microhabitats or
exclusive resources. Under the less favorable conditions accompanying
mixing, such populations may fail to grow rapidly enough to balance
population losses. In the face of interspecific competition, they may
be excluded by faster-growing generalists.
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116. Hydrostatic damage. Most blue-green species control their

vertical position in the water column by buoyancy regulation achieved
through changes in size, number, and content of gas vesicles (Fogg and
Walsby 1971; Reynolds and Walsby 1975; Konopka et al. 1978).
Artificial mixing could collapse the gas vesicles by rapidly
circulating cells into a zone of high hydrostatic pressure. Once
collapsed, a gas vesicle cannot be restored, but new ones can form to
regain cell buoyancy (Reynolds and Walsby 1975). Continuous
circulation throughout a wide range of depths could prevent reforming
of vacuoles however. Under these conditions, the ability of
blue-greens to compete with other algal species might suffer. Even if
cells remain viable after gas vacuole collapse {Reynolds and Walsby
1975), they temporarily lose the ability to "select" desired depths,
117. The "critical pressure," i.e., that pressure leading to
vesicle collapse, varies from about 3 to 7 atm for vesicles isolated
from Anabaena flos-aquae {(Walsby 1971) to about 11 atm for
Oscillatoria agardhii (Walsby and Klemer 1974}, A pressure equivalent

to 7 atm would be attained at about 55 m, and 11 atm at about 100 m.
Thus, artificial mixing in relatively deep lakes could transport cells
to depths where ambient pressures exceed critical values for gas
vacuole collapse. In shallower lakes, hydrostatic damage to cell
vacuoles would probably be of little importance.

118. The role of acclimation in allowing cells to withstand
extreme pressures is unclear. Since the hollow space of a gas vacuole
is maintained by the rigidity of the walls of the vesicles (Reynolds
and Walsby 1975), acclimation should depend on protein synthesis and
thickening of the vesicle walls. Although several days might be
required to mix an originally stratified population to depths greater
than 55 m, the acclimation powers of algae have not been studied.

119, It is also possible that gas vesicles could be ruptured by
excess internal pressure, generated by rapidly mixing algae through
zones of differing hydrostatic pressures. At present, the importance
of this mechanism remains unknown,

120. Competition. Artificial circulation may affect competitive
interactions among phytopliankton species by modifying habitat
conditions or nutrient and light resources. Resultant shifts in
species composition will follow competitive imbalances produced by
changing environments. Competitive displacement may be effected
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through differential growth related to species-specific optima within
light and temperative gradients (Aruga 1965), differential nutrient
requirements and nutrient uptake kinetics (Titman 1976; Tilman 1977),
and allelopathic inhibition (Keating 1977, 1978). Selective loss
factors (e.q., grazing, sinking, etc.) may actually be more important
than differential growth as the driving force for seasonal succession
of species (Hutchinson 1957; Knoechel and Kalff 1975; Kalff and
Knoechel 1978).

121. After rapid mixing, competition may be temporarily relaxed
due to the increase in available nutrients compared to precirculation
conditions in the epilimnion, Eventually, nutrients may again be
depleted and competitive interactions will intensify within the
relatively homogeneous environment of a strongly mixed lake.

122. King (1970a) has suggested that blue-green algae dominate
the phytoplankton of enriched lakes because they are efficient at
taking up carbon at low ambient CO2 concentrations and high pH. Green
algae are generally less able to extract CO2 from water at high pH.
Moreover, blue-green algae would also be favored under conditions when
phosphorus and nitrogen are in short supply. The half saturation
constant for phosphate uptake is lower for blue-green algae than it is
for green algae, indicating faster uptake by blue-greens at low
nutrient concentrations (Shapiro 1973). Their ability to fix nitrogen
guarantees most species of blue-greens a supply of that essential
nutrient as well.

123, As Shapiro (1973; Shapiro et al. 1975) has pointed out,
destratification adds CO2 to photic zone waters by mixing hypolimnetic
waters into the upper layer and by promoting reaeration through
atmospheric exchange. In addition, phosphates accumulated in the
hypolimnion during thermal stratification will be at least partly
mixed throughout the lake. Circulation therefore removes the
competitive advantages previously enjoyed by blue-green species.
Artificial circulation should atso mitigate chemical interference by
blue-greens (Keating 1977, 1978). Mixing would immediately dilute any
blue-green toxins which potentially inhibit growth of competitors.

124, Several quantitative models of phytoplankton competition
are available for evaluation of species coexistence (e.g., Peterson
1975; Tilman 1977; Kemp and Mitsch 1979), although none has been
applied to prediction of destratification effects. Peterson (1975)
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analyzed the case of multiple limiting resources for three
phytoplankton species. When nutrient requirements of the species
differed from one another sufficiently, coexistence of all three
species was possible. Thus, divergence of species-specific

requirements might be expected over time. Effects of destratification
on the number of potentially limiting nutrients are unknown however.

125. Grenney et al. (1973) modeled the influence of
environmental fluctuations on interspecific competition in the
phytoplankton communities of rivers. Changes in nutrient availability
were related to variations of flow regime. Step-wise changes in flow
simulating dilution or concentration of nutrients represented an
environmental disturbance which allowed coexistence of species if the
period between changes was large enough. Although their model is not
directly applicable to destratification, it does suggest that periodic
disturbance of physical-chemical gradients increases species diversity
in phytoplankton.

126. Kemp and Mitsch (1979) used a simulation model to
investigate the relation between water turbulence and phytoplankton
diversity in a given water parcel. Species coexistence on a single
limiting nutrient was possible only under turbulent regimes. All
three species persisted over the 30-day model run at turbulence
periods centered around 1 day, a reasonable value for natural lakes
(Figure 6). Moreover, the periodicity of physical disturbance
required for coexistence of all three species was on about the same
order as the turnover time for each of the species.

127. In Kemp and Mitsch's (1979) model, turbulence is linked to
phytoplankton dynamics in two counteracting ways. First, water
movements enhance nutrient-depleted water near algal cell surfaces.
This avoids excess loss of energy in active transport or motility.
Secondly, turbulence increases respiratory losses and reduces
photosynthetic rate, in part because of increased diffusion of
respiratory products with wacer movement and in part from stress
effects on cells.

128. If natural levels of turbulence lessen the intensity of
competitive interactions and permit high species diversity, then
intense artificial mixing might disturb species coexistence by
reducing the period of turbulence (i.e., moving to the left in Figure
6). The exact position of an artificially mixed lake on Figure 6 is
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Figure 6.

Schematic representation showing regions of species
coexistence for different combinations of magnitude
and periodicity of hydrodynamic kinetic energy.
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unknown, however. Since Kemp and Mitsch (1979) did not specify
absolute levels of kinetic energy, the effects of induced circulation
on diversity remain unclear from their model. If phytoplankton
characteristics are keyed to periodicities of physical energy, one

expects shorter population turnover times after artificial mixing
because of a decreased period of turbulence relative to the natural
state (Kemp and Mitsch 1979). Since cell size is inversely related to
turnover time (Kalff 1971; Gelin 1975), small cells should predominate
following artificial circulation.

129. Kemp and Mitsch (1979) showed that moderate turbulence may
generate species diversity within a single parcel of water. However,
a natural lake consists of many temporary water patches. The natural
rate of mixing is slow enough relative to algal reproductive rates for

many different niches to exist simultaneously. In any given patch,
one species is at a competitive advantage relative to the rest, but
the identity of the superior competitor differs among patches. The
water patches are stable enough to form a heterogeneous environment
which encourages diversity, but mixing obliterates individual niches
frequently enough to prevent a single species from dominating within
each one, Thus, a "cotemporaneous disequilibrium" exists among
phytoplankton patches (Richerson et al. 1970).

130. Intense artificial circulation would be expected to inhibit
development of alternative communities in temporary niches. Along
with destruction of vertical stratification, strong circulation would
reduce habitat heterogeneity on a horizontal scale. The expected
result is an overall decline in phytoplankton species diversity.

131, Differential sinking rates. After reviewing the
hydromechanics of plankton, Hutchinson (1957) concluded that much of
the seasonal succession of phytoplankton is probably controlled by the
interaction between turbulence and species-specific sinking
velocities. Knoechel and Kalff (1975) investigated the replacement of
Tabellaria fenestrata by Anabaena planctonica in Lac Hertel (Quebec).
They found that the summer decline of the diatom resulted from a high
sinking rate rather than reduced production. Despite a low growth
rate, Anabaena continued to increase and become dominant, probably
because of a much lower sinking rate.

132. Under calm conditions in the epilimnion, phytoplankton must
possess special adaptations to reduce sinking rate; e.g., small size,
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projections, motility (Hutchinson 1957; Wetzel 1975). Mixing helps
maintain cells in suspension and therefore removes selective pressure
towards development of floatation devices. Artificial circulation
should favor those phytaoplankton which lack special buoyancy
adaptations and would be susceptible to rapid sinking in a stratified
lake (Steel 1972; Lackey 1973a). This argument is based on the
hypothesis that some fitness loss (e.g., energetic cost; reproductive
loss) is associated with possession of special adaptations for
floatation. Such adaptive features will therefore represent a
liability in a well-mixed lake; and their possessors may be
outcompeted by species with higher growth rates or defenses against
grazers,

133. Based on reviews of marine phytoplankton by Smayda (1970)
and freshwater phytoplankton by Hutchinson (1957), Table 1 gives
examples of morphological and behaviorial characteristics which aid
suspension.

134, In addition, various cell shapes may reduce settling
velocity, but their effects are cell-size dependent {Munk and Riley
1952)., Ffor particles 5 um in diameter, plate > cylinder > sphere (in
order of decreasing sinking rate). For those 50 ym in diameter,
cylinder = plate > sphere. And for 500 um particles, cylinder >
sphere > plate. When the interactions of nutrient uptake, sinking
rate, and turbulence are taken into account, the spherical shape has a
large adaptive advantage over the cylindrical form. A discoid-shaped
cell (e.g., many diatoms) would probably be similar to the sphere
{Hutchinson 1957). The influence of grazing may negate the
differential adaptive values of these various shapes, however (Munk
and Riley 1952), Further work in this area is necessary before firm
predictions can be made.

135. Under turbulent conditions, small cell size might still be
advantageous where nutrient concentrations are low. Small size
increases the ratio of cell surface area to volume, allowing more
effective uptake of nutrients. If remaining in suspension is not a
problem, e.g., during artificial mixing, the other adaptations listed
in Table 1 are disadvantageous because they demand energy for
production and maintenance. Moreover, gelatinous sheaths may
interfere with nutrient uptake by creating an additional diffusional
barrier (Wetzel 1975). Of course, some adaptations such as gelatinous
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TABLE 1. PHYTOPLANKTON SUSPENSION CHARACTERISTICS

Characteristic

Example

Small size

Form resistance - elongations
- projections

Gas vacuole

Gelatinous sheath

Fat accumulation

Motility

Nanoplankton: Chlorella, Rhodomonas,
Chromulina, Mallomonas

Tabellaria, Synedra, Navicula, Diploneis

Staurastrum, Ceratium, Chaetoceros

Most blue-green algae: Aphanizomenon,
Anabaena, Oscillatoria, Microcystis, Lyngbya

Most blue-green algae; gelatinous green
algae: Sphaerocystis, Elakatothrix,
Eudorina

Botryoccocus

Flagellates: Ceratium, Cryptomonas,
Dinobryon, Synura, Volvox
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sheaths and cell projections may serve both for floatation and defense
against grazers (Dodson 1974; Porter 1977). In this case, their
occurrence will not be closely Tinked with turbulence in the
environment, On the other hand, large cell size confers resistance to
grazing but it also increases sedimentation rate.

136. Smayda (1970) hypothesized that morphological adaptations
are not floatation aids, per se, but mechanisms to produce rotation or
vertical movements. He viewed the problems of marine phytopiankton in
terms of nutrient assimiiation and light orientation constraints
rather than sinking characteristics. Nevertheless, protected
freshwater lakes are apt to be less turbulent environments than the
ocean; high sinking losses are a well-documented probliem for
freshwater phytoplankton (Knoechel and Kalff 1975; Lehman and Sandgren
1978; Kalff and Knoechel 1978).

137. Table 2 summarizes literature data on sinking rates of
freshwater phytoplankton. It is difficult to compare data from
different investigators because of variations in measuring techniques
and experimental temperatures. Recognizing the limitations in such an
approach, the mean sinking rate was calculated for various algal
groups based on measurements taken at 15-21° ¢ (incluaing data of
Kalff and Knoechel (1978) for which field temperatures were not
given). These data suggest the following rank order of sinking rates:

diatoms > flagellates > greens > blue-greens (Table 3). The results
of Burns and Rosa {(1980), the only study which included all four
groups, suggests a similar ranking: diatoms > flagellates > greens >
blue-greens (Table 2).

138. Lewis (1978) analyzed population dynamics of phytoplankton
in Lake Lanao in relation to the intensity of turbulent mixing. There
was a strong tendency for blue-green algae and dinoflagellates to
dominate the plankton when turbulence was minimal. Diatoms and
cryptomonads grew best when turbulence was maximal, probably because
these forms rely on mixing to keep them in suspension. Green algae
occupied a broad range of conditions between the environmental
extremes., In general, these findings are in agreement with settling
velocity rankings based on data in Tables 2 and 3.

139. Grazing effects. Selective grazing can have a profound
influence on phytoplankton assemblages (Gliwicz 1975; Porter 1977;
Lynch 1979). Lake zooplankton filter and ingest cells within the 1-10
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um size range most effectively (Burns 1968; Gliwicz 1969). Thus,
intense grazing will favor larger organisms (or colonies) and forms
with cell wall projections to foil handling by herbivores (Dodson
1974). In addition, some aigae have special adaptations for defense
against grazers; e.g., the gelatinous sheaths of some green algae
prevent digestion by herbivores (Porter 1976), and blue-green toxins
lead to rejection by grazers or poisoning upon ingestion (Porter 1977;
Porter and Orcutt 1980). Within the cell size categories preferred by
herbivores, naked green algae and diatoms are generally selected over
blue-green species and gelatinous green algae (Porter 1977).

140. The effects of artificial circulation on grazer populations
have been described already. Relaxation of grazing pressure
immediately after destratification may assist the proposed transition
from a blue-green dominated community to a diverse mixture of green
algae. MWith the increase in size structure and total biomass of i
zooplankton accompanying habitat expansion by herbivores and their 4
predators (planktivorous fishes), grazing intensity may eventually i
surpass precirculation conditions. In this case, total biomass of
phytoplankton may decrease, and grazer-resistant forms will replace
preferred algae (i.e., those which are susceptible to herbivores) as
dominants in the community.

141, This scenario assumes sufficient time for the successional
sequence to progress to completion before seasonal changes in light
and temperature depress grazer activity. In some cases there may not
be enough time for abundant zooplankton populations to shift the algal
assemblage toward resistant species or morphotypes.

142. pH and cyanophage hypothesis. The availability of carbon,
phosphorus, and nitrogen regulates the species composition of
freshwater phytoplankton to a large extent (Shapiro et al. 1975;
DeNoyelles and O'Brien 1978). Direct effects of artificial
circulation on pH, nutrient levels and phytoplankton composition have
been discussed previousliy. The pH of water has additional roles in
directly determining species distributions and in controlling activity
of phytoplankton diseases.

143, Brock (1973) showed that blue-green species are almost
completely absent from low pH habitats (pH less than 4 or 5).
Eucaryotic species from diverse taxa are distributed over a wide range
of pH environments, from pH 1.9 to pH 8.65 in his study. Brock
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suggested that low pH was detrimental to the procaryote photosynthetic
apparatus; and that blue-green algal blooms should never occur in acid
lakes.

144, Using experimental enclosures, Shapiro (1973; Shapiro et
al. i 75) has manipulated the species composition of lake
phytoplankton by modifying pH conditions. By decreasing pH from 9.5
(i.e., the value in control enclosures) to 7.5 or less, the algal
association could be shifted from predominantly blue-green algae to a
mixture of small unicellular and colonial green species. As discussed
above, Shapiro (1973) originally hypothesized that artificial mixing
increased carbon availability by lowering pH of the upper waters and
enhancing C0, exchange. Coupled with nitrogen and phosphorus
increases, the pH shift could break the series of competitive
advantages enjoyed by blue-green algae. Later work indicated that
green algae slowly replaced the blue-green species after their rapid
decline and build up of nitrogen and phosphorus in manipulated
enclosures, observations contrary to the competitive mechanism
hypothesis (Shapiro et al. 1975). Instead, it appears that
cyanophages are activated at neutral or low pH (less than 7.5); they
attack blue-greens and decimate entire populations (Shapiro et
al. 1975; atso cf. Shilo 1971}. The exact mechanism for species
shifts among the phytoplankton is still uncertain, but recent
laboratory experiments have supported the cyanophage hypothesis.”
Fisheries

145, The artificial circulation of lakes may have a profound impact
on the abundance and distribution of fish species, individual growth
rates, fisheries yields, and species composition of fish communities.
Since little attention has been given to modeling the effects of
mixing on fish populations, the following discussion will treat
fisheries impacts mainly in a qualitative manner.

146, Depth distribution. The seasonal depletion of oxygen in the
hypolimnion of a stratified eutrophic lake restricts fishes to the

Ai.‘. :

* Personal communication, J. Shapiro, August, 1980, Limnological
Research Center, University of Minnesota, Minneapolis, Minnesota.
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warm upper waters. The consequences of eutrophication limit the
habitat of fish communities such that coldwater species may be forced
to feed in the epilimnion. Compression of vertical living space may
necessitate greater partitioning of the habitat resource along a
horizontal dimension (e.g., Werner and Hall 1976; Werner et al. 1977).

147. Provisioning of oxygen in deep waters by whole lake mixing
allows fish access to all portions of the water column. Artificial
destratification of a eutrophic lake should expand fish habitat
vertically and facilitate an increase in the depth distribution of
fishes. The response to mixing will depend on habitat requirements of
the species involved. For example warmwater fishes dependent on
littoral habitats for breeding and feeding, e.g., longear, green
sunfish, and shiners (Werner et al. 1977), may continue to occupy
shallow zones even though thermal conditions in deep waters may be
tolerable after mixing. They are therefore expected to exhibit little
expansion of habitat following artificial destratification. Coldwater
fishes such as trout, on the other hand, should reside in deeper
waters as soon as oxygen levels rise above tolerance limits. Brief
forays into waters low in oxygen for foraging purposes may be common
before more permanent residence is established.

148. Food resources. As mentioned above, the depth distribution
and abundance of zooplan!.ton are expected to increase following
destratification during spring or early summer. Planktivorous fishes
should benefit from enhanced food abundance and availability.
Oxygenation of deep waters allows invasion of large-bodied zooplankton
(Fast 1971a, 1979a) which find partial refuge from visual predation in
dimly 1it zones (Zaret and Suffern 1976). Nevertheless, large prey
are the preferred food of planktivorous fishes (Brooks and Dodson
1965; Werner and Hall 1974; Eggers 1977); and lakes where large
zooplankton abound often serve as quality trout fisheries (Galbraith
1975).

149, Artificial aeration should also allow habitat expansion of
benthic prey. In enriched lakes, thermal stratification and
hypolimnetic anoxia may restrict many benthic species to the upper
littoral zone. Depth distribution, species diversity and productivity
of benthic macroinvertebrate communities are all expected to be less
in lakes with anoxic hypolimnia than in fully oxygenated waters. On
the other hand, some species can survive for months in the absence of

E
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oxygen by using alternate physiological mechanisms. Following
aeration of the profundal zone, species tolerant of low oxygen
environments may decline due to intensified competition from invading
aerobic species or increased predaticn by fishes. Chaoborus larvae
represent a special case among benthic macroinvertebrates because of
their unique daily migrations into the limnetic zone in search of food
(e.g., Pastorok 1980). Chaoborus species characteristic of eutrophic
lakes, e.g., C. punctipennis, find refuge in anoxic lower waters or
sediments by day (von Ende 1979). Just before sunset, some
individuals move into lighted waters and become increasingly
susceptible to capture by visual predators (Northcote et al. 1978).
Aeration of the entire water column should increase the temporal and
spatial extent of fish foraging and therefore lead to a reduction of
prey species dependent on the anoxic profundal refuge.

150. Growth and yield. Given an increase in food abundance and

habitat availability, intraspecific and interspecific competition
among fishes should be less severe. Artificial aeration should
therefore elevate individual growth rates and population yield of
fisheries. Niche overlap along the dimensions of habitat and food
size/species may also increase (Werner and Hall 1976, 1979). Although
essentially no quantitative models have been developed for predicting
the effects of artificial mixing on fisheries, it is well known that
increased productivity of food organisms leads to faster growth and
larger catches of fish (Gerking 1978; Jenkins and Morias 1978; Jenkins
1979). Llong-term changes in fish population dynamics and
predator-prey equilibria as a result of induced circulation are
unpredictable at present.

151. Several investigators have attempted to predict fisheries
yield based on average phytoplankton biomass, chlorophyll
concentrations, or primary productivity (Ryder et al. 1974; Oglesby
1977). Although these models have not yet been applied to problems of
artificial destratification, it may be possible to 1link changes in
higher trophic levels with phytoplankton shifts controlled by mixed
depth. That is, models used to predict fisheries yield might be
combined with the phytoplankton/mixed-depth models discussed earlier
(see "Phytoplankton: production, concentration, and biomass"). In
addition, the far-ranging consequences of destratification demand
complex modeling incorporating habitat expansion of fishes and their
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prey, increases in food resources for higher trophic levels, and
shifts in species composition of phytoplankton.

152. Species composition. The most profound changes in species
composition of fish communities following aeration/circulation
treatment will result from invasion or extinction of coldwater
species, especially salmonids. Minimal changes in species composition
of warmwater fish commmunities are expected. Invasion of coldwater
fishes or distribution into the hypolimnetic zone is possible after
mixing of northern lakes. In southern lakes, however, intense solar
radiation and distribution of heat throughout the lake by mixing may |
produce temperatures above the upper tolerance Timit. In such cases,
invasion of coldwater species is prevented, and extinction of resident
populations may occur.

153. The predicted effects of artificial mixing on species
composition of fish communities are somewhat similar to a reversal of
changes resulting from lake eutrophication. Long-term shifts in
species relative abundance have been observed in many lakes following
eutrophication. The typical pattern is illustrated by case studies of
nutrient enrichment in Obersee and Untersee (Switzerland) where
warmwater species (perches, cyprinids, centrarchids) have become more
abundant relative to coldwater forms (whitefish, trout, pike-perch,
coregonines) (Larkin and Northcote 1969). Presumably, hypolimnetic
oxygen depletion forces coldwater species into shallower areas where
their habitat is restricted and they must compete with warmwater
fishes.

154. Thus, mixing of eutrophic lakes should shift fish
communities toward species characteristic of oligotrophic conditions.
Some flaws in the analogy between mixing effects and trophic state
should be noted, however. For example, oligotrophic lakes may be poor q
in littoral habitat, with fewer species of aquatic macrophytes, less
dense plant growth, and sparser prey populations than richer lakes.
Mixing of a eutrophic lake will probably not decrease the quality of
the littoral habitat, so mixed eutrophic lakes should have more
warmwater fish species than natural oligotrophic lakes.

155, Aeration of the entire water column under climatic
circumstances favorable to coldwater fisheries should therefore
produce a diverse fishery. Warmwater species should continue to
reside in shallow waters, although some increase in depth distribution

e
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may be observed. Coldwater forms will probably distribute themselves
throughout the lake. Based on foregoing arguments, one predicts that
the species richness (i.e., number of species) of fishes in
artificially mixed eutrophic lakes will be potentially greater than
that in either natural eutrophic or natural oligotrophic lakes.

156. Interactions with nutrients. Fishes probably have an
important role in regulating the availability of phosphorus in lakes,
but our present knowledge of mechanisms is limited (Nakashima and
Leggett 1980). After removal of planktivorous fish (roach) from a
Swedish lake, Henrikson et al. (1980) observed decreases in total
phosphorus, total nitrogen, and limnetic primary production,
accompanied by a shift toward larger phytoplankton. Although
phosphorus excretion by fishes may be a major source of nutrients for i
phytoplankton in ponds or experimental enclosures (e.g., Lamarra 1975, .
Andersson et al. 1978), several investigators have concluded that it
is insignificant in lakes relative to nutrient release rates exhibited
by zooplankton (Kitchell et al. 1975; Nakashima and Leggett 1980).
Kitchell et al. (1975, 1979) proposed that fish may stabilize
phytoplankton cycles by excreting a continuous but low supply of
phosphorus. They also suggested that winter and postspawning
mortality of fish may account for a significant portion of total
phosphorus available to plankton in spring. Finally, by removing
large prey and shifting the zooplankton community towards smaller
species, fish could increase phosphorus turnover rates (Bartell and
Kitchell 1978). Some evidence exists for the role of mortality and
size-selection predation in regulating phosphorus supplies (i.e., last
two hypotheses), but plankton stabilization and direct supply of
nutrients by fish excretion appear to be unimportant (Nakashima and
Leggett 1980).

Revi.:w of Mixing Experiences

157. The following section provides a summary of lake responses
to artificial circulation treatments. The first subsection describes
methods used in the analysis of lake responses. The second covers the
results of mixing experiments in general. The third subsection deals
with partial mixing, and the last two subsections discuss aspects of
seasonal timing and long-term effects of artificial mixing.
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Methods

158, The analysis of lake responses to artificial mixing is
based on a qualitative assessment of changes in a total of at least 25
physical, chemical, and biological parameters; these
include: temperature differential between surface and bottom water;
Secchi depth; dissolved oxygen; nutrients; phytoplankton biomass and
taxonomic composition; and the abundances and depth distributions of ‘
zooplankton, benthic macroinvertebrates, and fishes. In general, the i
response categories consisted of: (+) an increase in the parameter
value during mixing as compared with pretreatment values; (-) a
decrease due to treatment; (0) no change between treatment and
pretreatment periods; and (¥, §, G, ?) a variable or questionable
response., In lakes where mixing experiments were performed for more
than one year, individual years were analyzed as separate cases.
Seasonal treatments within a year were considered as a single
experiment however. In this case, an overall response was assigned to
the year.

159. Qualitative responses were used as indicators of treatment
effects because in most lakes quantitative data were not available for
some parameters, Secondly, results were often given in graphic form
only; error in reading quantitative values from the graphs introduces
considerable variability into a calculated "mean response." Where
quantitative responses were of critical interest, the latter procedure
was used and a range of values for the response parameter is given
also; in these cases, statistical analysis of results is still based
on qualitative patterns.

160. For each response parameter with more than 15 experimental
cases, the significance of treatment effects was determined by
departure from random expectation of equal number of cases in each of
three response categories (+, -, 0). The "variable" and
"questionable" categories were omitted from this analysis since there
is no reason a priori to expect equal representation of these
responses under the null hypothesis. A Chi-square Goodness-of-Fit
test was used to detect differences in the observed frequencies of
lakes among response categories and the expected uniform frequencies. !
The analysis was first run on the complete data set including
responses from mixing experiments using diffused air as well as those
using mechanical pumps. A second test was performed using only the
data from diffused-air systems. h
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161. To determine if differential responses among lakes (or
among years within a lake) were related to quantitative character-
istics of the mixing systems or morphometry of the lake basin, a
stepwise Multiple Discriminant Analysis was applied to 41 diffused-air
lakes. For each response parameter analyzed, lakes with the same
qualitative response were placed in a single group. In some cases, a
group with a limited number of lakes (< 4) was pooled with another
group(s) (see below). For each response parameter, discriminant
analysis then attempts to separate a given group of lakes {i.e., a
response group) from all other groups on the basis of mixing system
variables and lake morphometry. As before, individual years were
considered as separate experiments, but seasonal results were pooled.
When air flow rate or air release depth varied within a single year,
the midpoint of the range was used for the Multiple Discriminant
Analysis. The statistical analyses were run on a PRIME computer using
a package program available through SPSS (Statistical Packages for the
Social Sciences).

Experimental systems and response analysis

162. The analysis of lake responses to artificial circulation
examines lake and mixing system parameters and relates them to the
observed physical, chemical, and biological effects of treatment. Al
mixing experiences are reviewed in the following sections regardiess
of the initial management goal (e.g., water quality control,
phytoplankton reduction, fisheries enhancement) or the achieved
effects on thermal stratification, e.g., prevention of stratification
(destratification, thermocline lowering). Specific aspects of partial
circulation and the timing of induced mixing are treated later.

Lake characteristics and mixing systems

163, Table 4 provides a summary of basin morphometry and mixing
system characteristics for lakes subjected to artificial circulation.
The majority of systems have employed diffused air and an unconfined
bubble plume to create turbulence., In Cox Hollow Reservoir, Mirror
Lake, and Pfaffikersee, diffused air entered the bottom of a vertical
tube which enclosed the bubble plume for at least part of its travel
distance to the surface., A special surface aerator was operated in
Indian Brook Reservoir. Mechanical pumps which produced a flow of
water in a confined path from the epilimnion to the hypolimnion or
vice versa were used in Boltz Lake in 1965, King George VI Reservoir,
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four Ohio reservoirs, and West Lost Lake. A propeller-type Garton
pump was used in Ham's Lake and Arbuckle Lake. Finally, Queen
Elizabeth II Reservoir was circulated by a water-jet system employing
river water.

164. The selected lakes represent a variety of basin types, the
smallest being a pond at the Kremenchug Reservoir Inlet (Poland) and
the largest being Arbuckle Lake (Oklahoma). The deepest point of air
release was 55 m, in the deepest water body Casitas Reservoir
(California).

165. Llorenzen and Fast (1977) concluded that the best measure of
aeration intensity for a diffused-air system was air flow rate divided
by lake surface area., They recommended an air flow of 9.2 m3/min per
108 m2 of 1ake surface (= 30 SCFM per 100 ftz) to attain good mixing;
i.e., near-uniform depth profile of phytoplankton and a temperature
differential between surface and bottom of less than 29C, According
to this scaling rule, the majority of mixing systems listed in Table 4
were grossly undersized.

Physical responses

166. The physical and chemical effects of artificial circulation
are summarized in Table 5 according to lake and year of mixing.
Statistical analysis of the results is given in Tables 6 and 7.

167. Temperature. Artificial circulation resulted in a temper-
ature differential of 39C or less between surface and bottom waters in
63 percent of all mixing experiments (Table 6) and in 67 percent of
diffused air treatments (Table 7). The effect of mixing was
significant at the P < .05 level. Those lakes with larger temperature
differentials (i.e., > 3°C) were sometimes partially mixed by
releasing air at a depth less than the maximum depth; e.g., Casitas
Reservoir, Lake Calhoun, E1 Capitan Reservoir (Table 4). More often,
partial stratification was the result of inefficient mixing (see
below, "Partial mixing"). Artificial circulation usually promotes an
increase in he summer heat content of the lake, even when mixing is
incomplete (e.g., Toetz et al. 1972; Haynes 1973; Toetz 1977b, 1979a;
Kothandaraman et al. 1979). Surface temperatures may decrease
slightly relative to control years, whereas deep waters are warmed by
as much as 15 - 200C., In north temperate lakes, circulation during
winter reduces water temperatures overall (Drury et al. 1975).
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;' TABLE 5. PHYSICAL AND CHEMICAL RESPONSES TO ARTIFICIAL CIRCULATION®
aT (°c) Fe
Lake Year(s) Before After SD DO PO, TP NO; NH, Mn
Cline's Pond 6 0 + + 0+ 0 0
Parvin Lake Res. 6 a + 0
Section 4 Lake 15 0 - +
Boltz Lake Res. 1966 5-10 <2 - - - + + -
University Lake Res. Q - 6 - -+ - -
Kezar Lake 1968 11 <1 + o+ o+ + t -
1969 2 ¥4 - + ¢ + + - *
King George VI Res. 1965 6.5 6 +
1966 6.5 4 +
1
Indian Brook Res. 9 0 + - !
Prompton Lake Res. 1 '
Cox Hollow Res. 1966 17 <3 + + + -
1967-69 <3 N+
Stewart Lake Res. 1974 19 5 + 0
1975 18 7 + 0
Wahnbach Res. 1961-62 184 6 B -
1964 <2 + -
Starodworskie Lake 15 4 + - -+ -
Queen Elizabeth Il Res. 1965 6 0
1966 4 0 - 4
Lake Roberts Res. 06/69 6 0 -
07/69 4.6 0 - +
Falmouth Lake Res. 0-8 - ¢ - 9 - -
Test Res. II 0 - + 0 - -
Ham's Lake Res. 1973 13.5 <1 +
1975 10 <2 + 0+ o+ - - -
1976 9.10 <2 - + o+ + 0
1978 9.10 «2 - + 0 0o 0
1979 (Continued) + -
{Sheet 1 of 3)
]
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TABLE 5. (continued)
8T (°C) Fe
Lake Year(s) Before After SD DO PO, TP N03 NH, Mn
Test Res. 1 0 0 + 0o - -
Mirror Lake 1972 13 0 + +
1973 0 + -
Stewart Hollow Res. 22 13 0
15 <2 0
Cladwell Res. 20 7 +
Pine Res. 13 3 -
Vesuvius Res. 16 2 0
Vaxjosjon 0 + +
Corbett Lake 2-4 0 +
Buchanan Lake 0 - 4+ - -
Lake Maarsseveen 8 0
Arbuckle Lake Res. 1975 11 9 0 o 0
1977 9 13 0 + + -
1978 10 0 + 0
Casitas Res. b 6
Hyrum Res. 6 2-4 - 4 0 - -
West Lost Lake 13 9 -+ +
Waco Res. 17 -6 +
LakeCatherine 2 0-14 0 + 0o 0 o0
E1 Capitan Res. 1965 -9 a - 4+
1966 ~6 <3 - 4
Lake Calhoun 16 ® - 4
Eufaula Res. 10 7 0
Pfaffikersee >3 + + -

Wahiawa Res.

(Continued) b
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TABLE 5. (continued)

aT (°c) e
Lake Year(s) Before After SD DO PO4 TP N03 NH, Mn
Trasksjon 7 0 0
Allatoona Res. 1968 9-13 4-6 + 0 0 + -
1969 3-13 3-6 + 0 0 + -
Lafayette Res. 9 0-7 +
Hot Hole Pond 8-20 <3 + - - - - -
Heart Lake 1975 10-14 <2 +
1976 0 0-4 t + + + +
Clear Lake 1976 6 0 0 + 07 - 0
Kremenchug Res. Inlet 0 + 0 + 0
Tarago Res. 1976 12 7-10 + 0
1977 7 0-7 + 0 -
a Response parameters: AT = temperature differential between surface and
bottom water
SD = Secchi depth
D0 = dissolved oxygen
PO4 = phosphate
TP" = total phosphorus
NO3 = nitrate
NH4 = anmonium
Fe' = iron
Mn = manganese
Direction of change in average value for whole water column:
+ = increase
- = decrease
0 = no significant change

See Table 4 for references.

b Mixed to air release depth

only.
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A
: TABLE 6. SUMMARY OF LAKE RESPONSES TO ARTIFICIAL CIRCULATION,
r MECHANICAL AND DIFFUSED-AIR SYSTEMS
|
PARAMETER N LAKE RESPONSES XZ
+ - 0 ?
aT Afterd 62 No. 23 39 - - 4.13*
% 37 63 - -
Secchi Depth 26 No. 5 13 5 3 5.57
% 19 50 19 12
Dissolved Oxygen 57 No. 45 2 5 5 66.5%**
% 79 4 9 9
Phosphate 24 No. 7 6 9 2 0.64
% 29 25 38 8
Total P 22 No. 6 7 8 1 0.29
% 27 32 36 5
Nitrate 27 No. 10 9 6 2 1.04
% 37 33 22 7
Ammonium 27 No. 3 17 6 1 12.5%*
% 11 63 22 4
Iron/Manganese 26 No. 0 22 4 0 3], 7%
% 0 85 15 0 i
Epilimnetic pH N No. 1 s a2 3 11.6%% o
% 3 48 39 10
Algal Density 48 No. 7 17 17 7 4.88
% 15 35 35 15
Biomass/Chlorophyl) 32 No. 6 7 12 7 2.48
% 19 22 38 22
Green Algae 23 No. 7 7 9 0 0.35
q 30 30 39 0
B1.-Gr. Algae 36 No. 8 18 8 2 5.88
% 22 50 22 6
Ratio Gr:B1-Gr 34 No. 12 5 12 5 3.38
% 35 15 35 15

3 Temperature differential between surface and bottom water during artificial mixing. + means aT>3°C;

- means 4T<3°C.

* P<.05 Goodness-of-fit test to uniform frequency distribution for +, -, 0 responses only.
**x P01
**%  Dc 001
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TABLE 7. SUMMARY OF LAKE RESPONSES TO ARTIFICIAL CIRCULATION,
DIFFUSED-AIR SYSTEMS ONLY ‘

2
PARAMETER N LAKE RESPONSES X
+ - 0 ?
a7 Afterd 45 No. 15 30 - - 5.00*
% 33 67 - -
Secchi Depth 19 No. 4 10 2 3 6.50*
3 21 53 10 16
Dissolved Oxygen 41 No. 33 1 2 5 55.2%%*
% 80 2 5 12
Phosphate 17 No. 3 5 7 2 1.60
% 18 29 41 12
Total P 20 No. 5 6 8 1 0.74
% 25 30 40 5
Nitrate 20 No. 7 8 3 2 2.33
% 35 40 15 20
Anmon i um 20 No. 313 3 1 10.5% L |
% 15 65 15 5 3
Iron/Manganese 22 No. 0 20 2 0 33, 1% : |
% 0 91 9 4] o
Epilimnetic pH 21 No. ] 9 8 3 6.33*
% 5 43 4 14
Algal Density 33 No. 6 14 8 5 3.7 ’ ’
% 18 42 24 15
Biomass/Chlorophy11l 23 No. 5 6 6 6 0.12
% 22 27 27 27
Green Algae 18 No. 7 4 7 0 1.00
% 39 22 39 0
B1.-Gr. Algae 25 No. 5 13 5 2 5.57
9 20 52 20 8
Ratio Gr:B1-Gr 21 No. n 3 6 1 4.90
% 52 14 29 5

a Temperature differential between surface and bottom water during artificial mixing. + means aT>3°C;
- means aTs3°C,

* P<.05 Goodness-of-fit test to uniform frequency distribution for +, -, 0 responses only.
= P01
e+ pe 001
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168. Schematic representations of thermal stratification and

mixing patterns are given in Figure 7.

Examples of patterns observed

during artificial destratification experiments are given below:

PATTERN

e Complete mixing

e Thermocline lowering

¢ Surface microstratification

® Localized destratification

e Llocalized thermocline
lowering

EXAMPLES

Cline's Pond,
Kezar Lake

Lake Calhoun,
E1 Capitan Reservoir,
Wahiawa Reservoir

Hyrum Reservoir,
E1 Capitan Reservoir

Clear Lake
Prompton Lake Reservoir

Arbuckle lLake,
Eufaula Reservoir

169. Secchi depth. Artificial mixing has varied effects on
water transparency. Although 50 percent of all case studies showed a !
decrease in Secchi disc after mixing, the treatment effects were not i
statistically different from a random expectation of equal number of
cases in each response category (i.e., +, -, 0; Table 6). Adequate
mixing may increase transparency immediately by distributing a surface
bloom of blue-green algae throughout a greater volume (Haynes 1973).
In the long term, mixing may enhance transparency by reducing algal ,
biomass (Malueg et al. 1973; Lorenzen and Mitchell 1975). In
contrast, resuspension of bottom sediments nullified the effects of a
slight decline in phytoplankton at Section Four Lake, and the Secchi
depth declined after mixing (Fast 1971a). Incomplete mixing may
reduce water clarity by fostering algal blooms; e.g., West Lost Lake
and Hyrum Reservoir (Hooper et al. 1953; Drury et al. 1975). In
general, a rise in total seston during mixing correlates with a
decrease in transparency (Fast 1971a, Drury et al. 1975; Garton 1978;
Garton et al. 1978).
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EPILIMNION

METALIMNION

HYPOLIMNION

NORMAL STRATIFICATION

LOCALIZED DESTRATIFICATION

COMPLETE MIXING

2772727222007

SURFACE MICROSTRATIFICATION

LOCALIZED THERMOCLINE LOWERING

Figure 7.

Patterns of lake stratification and mixing.
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Chemical responses

170. Dissolved oxygen. The vast majority of mixing experiments
have been successful in raising the average dissolved oxygen (DO)
concentration in the water column (Tables 6 and 7). Immediately after
artificial destratification, the oxygen concentration in bottom waters
increases (e.g., Hooper et al. 1953; Lackey 1972; Haynes 1973, 1975).
DO in the former epilimnion shows a corresponding decline due to a
reduction in photosynthesis (Haynes 1973) combined with higher BOD
related to previous conditions in the hypolimnion. Eventually, an
adequate mixing system can satisfy this BOD and raise average DO.

171. Nutrients. Average concentrations of phosphate, total
phosphorus, and nitrate showed varied responses to artificial mixing
(Tables 6 and 7)., In practice, approximately equal numbers of case
studies were found in each main response category (+, -, 0). On the
other hand, artificial mixing clearly reduced the average

corcentration of ammonium.

172. The impact of destratification on dissolved nutrient
levels is largely unpredictable due to the complex interactions among
inorganic, detrital and biotic compartments (Toetz et al. 1972; Fast
1975). For example, mixing may elevate total phosphorus by
resuspending detritus-rich sediments or by maintaining dead algal
cells in suspension (Hooper et al. 1953; Wirth and Dunst 1967; Fast
1971a; Haynes 1973). Decomposition of detritus in the water column
releases inorganic forms of phosphorus. In Boltz Lake and Falmouth
Lake, mixing increased organic nitrogen levels, possibly by breakage
or lysis of algal cells (Robinson et al. 1969). Excretion of
phosphorus by zooplankton is an important recycling mechanism within
the mixed layer (Devol 1979; Lehman 1980b). Finally, total phosphate
may decline due to algal uptake (e.g., June experiment at Lake
Roberts); or it may increase after the collapse of a phytoplankton
bloom (e.q., July experiment at Lake Roberts) (R.S. Kerr Research
Center 1970; McNall 1971).

173, In general, it appears that mechanical mixing systems in
small Takes produce effects on nutrient levels similar to those
induced by release of diffused air (Table 5). Although the data are
limited, it is clear that propeller pumps located at the surface are
'ncapable of producing extensive changes in nutrient levels of large
reservyoirs, e.g., Arbuckle Lake (Toetz 1977a, b; 1979a, b).
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174. Iron/manganese. Artificial circulation experiments have
been most successful at reducing average lake concentrations of iron
and manganese (Tables 6 and 7). Undoubtedly, this response is caused
by elevation of redox potential and precipitation of oxidized forms s
(Bernhardt 1974; Chen et al. 1979).

175. Nitrogen gas supersaturation. Data on N, supersaturation
and its effects on fish populations during artificial mixing are
limited; sample size is inadequate for statistical analysis. At lower
depths, air injection clearly incrzases N2 concentrations above
saturation relative to standard surface conditions (Fast 1979a, b;
Smith 1980).

176. At Casitas Reservoir, Fast (1979a, b) found that N, levels
in the zone of induced mixing (15 - 45 r) were at 125 percent
saturation relative to surface pressures after 80 days of aeration in
1977. The waters below 46 m were 140 percent saturated with N2

relative to the surface. Assuming aeration did not greatly influence
N2 content below the depth of air release, such high Nz concentrations
may be normal for this reservoir.

177. Smith (1980) briefly described the results of field
studies undertaken during the summer of 1979 by the U.S. Army Engineer
Waterways Experiment Station to quantify nitrogen supersaturation
produced by artificial aeration. The diffused-air systems were
associated with nitrogen supersaturation (Table 8), but the mechanism
of causation is unclear. Smith (1980) suggested that increased
temperatures accompanying destratification could contribute
substantially to the degree of supersaturation. In all reservoirs,
dissolved nitrogen concentrations were less than the theoretical
limits based on temperature and depth. In the smaller reservoirs, N,
concentrations dropped with time over the stratification cycle, but
percent saturation increased.

178. As far as is known, N, supersaturation during aeration has
not caused any adverse impacts on fish populations in reservoirs.
Some fish species can detect and avoid air-supersaturated water
(Chamberlain et al. 1980; Stevens et al. 1980). Smith (1980) and
others have cautioned against the release of N, supersaturated waters
to downstream areas, however. At levels of 115 to 135 percent
saturation typical of air injection experiments (Table 8), downstream
release could induce substantial fish mortality. .
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TABLE 8. PEAK NITROGEN SUPERSATURATION PRODUCED BY

COMPRESSED AIR INJECTION

Maximum Reservoir

Peak Nitrogen

Lake NDepth (m) Saturation
Casitas 65 135
E1 Capitan 42 115
Henshaw 9 104
Mathews 52 111
Morena 25 122
Murray 18 112
Perris 24 112
Puddingstone 18 112
Skinner 23 109
Vail 30 122
Wihlford 19 111
2 Taken from Smith (1980).
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Biological responses

179. Phytoplankton. Phytoplankton responses to artificial
circulation are summarized in Tables 6, 7, and 9. For each algal
response parameter, Chi-square analysis indicates no significant
deviation from an equal number of cases in each respanse category.
Note that the data for areal biomass and average chlorophyll
concentration were pooled for the analysis because of limited sample
size for each parameter. Overall, there is a tendency for artificial
mixing to cause a decline in blue-green algae and elevate the
abundance ratio of greens to blue-greens. If a change in algal
density follows artificial circulation, decreasing abundance seems
more likely than an increase in population levels., However, none of
these trends is statistically significant (Tables 6 and 7).

180. When artificial circulation is effective at increasing the
depth of mixing, the depth distribution of phytoplankton does expand
(Fast 1971a; Haynes 1973), except in shallow ponds where algae were
distributed throughout the water column beforehand (Malueg et
al. 1973; Ryabov et al. 1972). Presumably, a large mixing depth
results in algae spending considerable time in dimly 1it zones,
perhaps beyond the critical depth in deep lakes (Talling 1971). This
probably explains the drop in total primary production that occurs in
some mixing experiments; e.g., Kezar Lake (Haynes 1973) and Vaxjosjon
(Bengtsson and Gelin 1975). In Lake Vaxjosjon, average primary
production (gC m-2 day’l) during summer 1970 decreased by about 30 -
40 percent relative to the control year (Bengtsson and Gelin 1975).
On the other hand, total primary productivity and productivity per
cell during aeration of Section Four Lake were up to three times
higher than values during the cont-ol year (Fast 1971a). At this
oligotrophic lake, nutrients rather than light levels may have been
Timiting algal growth. Even though aeration circulated phytoplankton
throughout the lake, it also resuspended bottom detritus, thereby
recycling internal nutrients.

181. Artificial circulation appeared to cause little change in
cell concentrations in lakes where populations were low initially
(Knoppert et al. 1970; Biederman and Fulton 1971; Toetz 1977a, b,
1979a, b; Kothandaraman et al. 1979; but see Fast 197la). Assuming
most of these lakes are oligotrophic and therefore nutrient limitation
prevails, one expects that any given change in mixed depth will
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produce small displacements of standing crop compared with potential
shifts in richer lakes (discussed earlier in "Phytoplankton:
production, concentration, and biomass; Peak biomass vs. mixed
depth").

182. Although the effect of mixing on the relative abundance of
algal types was not statistically significant, several investigators
have observed a dramatic shift from a communiiy dominated by
blue-green species to one composed mainly of green algae (e.g., Malueg
et al, 1973; Symons et al. 1967, 1970; Sirenko et al. 1972; Weiss and
Breedlove 1973; Nicholls et al. 1980). In a few experiments,
increases in the blue-green Aphanizomenon flos-aquae preceded the
succession to green algal species (e.g., Knoppert et al. 1970; Lackey
1973a; Haynes 1975). Hence, Haynes (1975) conciuded that artificial
circulation can promote large populations of blue-green algae.
Continuous mixing during the summer of 1969 at Kezar Lake prevented a
late summer bloom of A. flos-aquae however (Haynes 1975). The timing
of mixing in relation to the peak of an algal bloom and the degree of
surface microstratification largely determine the impact of mixing on
blue-green populations (see sections below, "Partial mixing" and
“Importance of timing").

183. A series of well-controlled experiments in water column
enclosures clearly demonstrated that aeration/circulation can shift
dominance in the algal community from blue-greens to greens (Shapiro
et al. 1975, 1977; Forsberg and Shapiro 1980a, b). In general, a
decrease in pH below 7.5 following mixing leads to a predictable shift
in relative abundance of algal types (Shapiro et al. 1975). Slow
mixing within the enclosures increased the total phosphorus content of
surface waters, but failed to lower pH (Forsberg and Shapiro 1980b).
In fact, pH generally increased while the blue-green algae Anabaena
circulinus and Microcystis aeruginosa became more abundant in response
to higher phosphorus levels. With faster mixing rates, complete
destratification occurred and nutrient levels (TP and COp) rose at the
surface as hypolimnetic waters were mixed upwards. As long as
hypolimnetic CO, was initially high, pH dropped sifficiently after
mixing to produce an increase in the relative abundance of green algae
(e.g., Sphaerocystis schroederi, Ankistrodesmus falcatus, Scenedesmus
spp.) and diatoms (e.g.,Nitzchia spp., Synedra spp., Melosira spp.)
(Forsberg and Shapiro 1980b).




184, Mechanisms underlying the shift in community composition
are not well understood; several possibilities, including cyanophage
activation and changes in competitive advantage, were discussed
previously. Shapiro's (1973) hypothesis that community succession is {
somehow related to a decline in pH is supported by the results of
artificial circulation. A shift from blue-greens to greens during
whole lake mixing experiments is usually associated with a substantial
decline in pH to a final pH value less than 7.5 (Table 10).
Experiments which failed to produce a shift toward greens or even
stimulated growth of blue-green algae generally showed insignificant
change in pH (e.g., Lake Cathoun, Parvin Lake, El Capitan Reservoir);
or pH less than 7.5 before mixing {e.g., Arbuckle Lake, Hot Hole
Pond).

185. Although a temporary rise in pH followed the 1969 mixing
of Kezar Lake (Table 10), after 20 days of aeration pH dropped from
9.0 to 7.1. At that time, a shift in species relative abundance
occurred, changing from essentially a monoculture of the blue-green
species Aphanizomenon flos-aquae to a mixture of green algae, e.g.,
Ulothrix subconstricta, Scenedesmus spp., Ankistrodesmus spp. (New
Hampshire Water Supply and Pollution Control Commission
(N.H.W.S.P.C.C.) 1971; Haynes 1975). In four Ohio lakes, artificial
destratification maintained low pH in the upper waters and prevented
the usual fall bloom of biue-greens (Irwin et al. 1966).

186. Although mixing caused a temporary decrease of epilimnetic
pH in Ham's Lake during 1973 and Starodworski Lake, pH values remained
above 7.3, failing to enhance growth of green algae. In Hyrum
Reservoir, pH of the surface waters rose sharply to 9.2 during
aeration due to a bloom of Aphanizomenon (Drury et al. 1975). Partial
mixing in Arbuckle Lake, E1 Capitan Reservoir, and Lake Catherine
caused little change in pH and no apparent shift in relative abundance
of greens and blue-greens.

187. Extensive data on changes in phytoplankton species
composition during artificial circulation is available in Robinson et
al. (1969), Weiss and Breedlove (1973), Lackey (1973a), Haynes (1973,
1975), and Nicholls et al. (1980). It is difficult to generalize
about treatment effects on individual species because of limited
sample size and alternative responses related to site-specific
conditions. Nevertheless, the positive response of some diatom

89




TABLE 10. EPILIMMETIC pH CHANGES ASSOCIATED WITH ARTIFICIAL CIRCULATION

Direction
Lake Reference of Change Before After
Group 1?
Cline's Pond Malueg et al. 1973 - 6.2-9.6° 6.4-1.2
University Lake Res. Weiss and Breedlove 1973 - 7.6d 7.3,7.0
Kezar Lake N.H.W.S.P.C.C. 1971 1968 - 9.4 6.7
Haynes 1973
N.H.W,S.P.C.C. 1971 1969 + 6.6 9
Haynes 1975
Stewart Lake Res. Barnes 1977 1974 - 7.5(7.1-7.8) 7.1(7.0-7.4)
1975 0 6.5(6.2-6.7) 6.5(6.3-6.8)
Stewart Hollow Res. Irwin et al. 1966 - 6.8 5.5
Irwin et al. 1966 - 6.8 6.5
Cladwell Res. Irwin et al. 1966 0 7.3 7.0-7.5
Pine Res. Irwin et al. 1966 0 6.9-7.2 6.7-7.1
Vesuvius Res, Irwin et al. 1966 - 6.8-7.3 6.8-7.0
Buchanan Lake Brown et al. 1971 - 7.1 6.7
Heart Lake Nicholls (pers. commun.). 1975 -
1976 -
Kremenchug Res. Inlet Ryabov et al, 1972 - 9.0-10.0 8,1(7.5-9.0)
Sirenko et al. 1972
Group Ilb
Parvin Lake Res. Lackey 1972 b} 6.6-7.2d 6.7-7.2
Starodworskie Lake Lossow et al. 1975 - 9.0-9.4d 7.3-8.6
Test Res. II Knoppert et al. 1970 0? ? >9
Ham's Lake Res. Steichen et al, 1974, 1979 1973 -  "8,5(7.4-9.0) “8.0(7.5-8.7)
Toetz 1977b 1975 0 >8 8
Test Res. | Knoppert et al, 1970 07 ? >9
Arbuckle Lake Res. Toetz 1977b 1975 - 7.;}" 7.39
Toetz 1979a,b 1977 0 ~1. -1.%
Hyrum Res, Drury et al. 1975 + 7.8-8.9d 7.2-9.2
Lake Catherine Kothandaraman et al. 1979 0o sl >8
E1 Capitan Res. Fast 1968 1965 0 7.5-8.63 7.7-8.3
1966 0 7.3-8.6 7.7-8.4
Lake Calhoun Shapiro and Pfannkuch 1973 0 8.0-8.5d 8.0-8.5 1
Hot Hole Pond N.H.W.S.P.C.C. 1979 - 6.5(6.1-7.3f 6.2(5.7-7.0) 1
Tarago Res. Bowles et al. 1979 1976 0 7.0-.8.0 7.0.7.8
1976-77 0 7.0-7.4 7.0.7.4

: Group | = Lakes in which the ratio of green algae to blue-green algae increased after treatment.

b Group Il = Lakes in which the ratio of green algae to blue-green algae decreased or stayed the

same after treatment.

€ Contro) section.

d Control year, susmer values.
¢ Persona) commmication, W.D. Barnes, October, 1980, Ohfo State University, Columbus, Ohio.
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species to mixing is clear. Artificial circulation enhances the
abundance of Melosira ambigqua and M. islandica (Haynes 1975),
M. italica subsp. subartica (Lund 1971), and M. granulata (Knoppert et
al. 1970; Lackey 1973a). Recall that Melosira spp. have enormous
sinking rates in the absence of turbulence (see Table 2). By rapidiy
mixing water above the thermocline in experimental enclosures,
Forsberg and Shapiro (1980b) have separated the effects of turbulence
and mixed depth on diatom growth. The population growth rates of
diatoms (Nitzchia spp., Synedra spp., Melosira spp.) increased greatly
relative to those of green and blue-green species as the level of
turbulence was elevated. Thus, the hypothesis that mixing favors
algae with high sinking velocities (cf. Bella 1970; Lackey 1973a) is
generally substantiated.

188. Among the blue-green algae, Anabaena spp. appear to be
particularly sensitive to disturbance by artificial mixing (Ridley
1970; Knoppert et al. 1970; Malueg et al. 1973; Steichen et al. 1974;
Barnett 1975). Metalimnetic populations of Oscillatoria, e.qg.,
0. rubescens in Wahnbach Reservoir (Bernhardt 1967) and 0. tenuis in
University Lake (Weiss and Breedlove 1973) were also decimated by
artificial circulation.

189. Zooplankton, Artificial circulation generally leads to an
increase in zocoplankton abundance and expansion of their vertical
distribution (Table 11). Exceptions to this trend can be explained on
the basis of inadequate sampling design (Eufaula Reservoir),
incomplete mixing (Hyrum Reservoir, Arbuckle Lake), or lack of control
data (Ham's Lake, Arbuckle Lake).

190. A predictable pattern of habitat expansion followed
artificial mixing at most locations, including E1 Capitan Reservoir,
Mirror Lake, Lake Calhoun, Buchanan Lake, and Heart Lake. For

. example, the zooplankton were restricted to the upper 10 m of EI
Capitan Reservoir before aeration; but after 17 days of mixing, 85
percent of the community was found below 10 m (Fast 1971b).
Oxygenation of bottom waters establishes a refuge for large
zooplankters, which are normally susceptible to visual predation in
the surface layar. Although most authors reported substantial changes
in the depth distributions of Daphnia and other cladocerans, Lackey
(1973b) found 1ittle change in habitat occupied by Clzdocera and %
rotifers. However, he did note that Diaptomus occurred in deeper ‘k

9]




TABLE 11. RESPONSES OF ZOOPLANKTON TO ARTIFICIAL CIRCULATION?

Ratio
b . Dgpth_ Copepods:
Lake Reference Abundance Distribution Cladocerans

Parvin Lake Lackey 1973b - + +
Indian Brook Res. Riddick 1957 + +
Stewart Lake Barnes and Griswold 1975 1974 - 0

Barnes 1977 1975 + +
Starodworski Lake® Lossow et al. 1975 + 0
Lake Roberts McNall 1971 +
Ham's Lake® McClintock 1976 0 0 0
Mirror Lake Brynildson and Serns 1977 1973 + +

1974 + + -

Buchanan Lake Brown et al. 1971 + +
Arbuckle Lake®’® McClintock 1976 0 0 0
Hyrum Res.d'e Orury et al. 1975 0 0 0
E1 Capitan Res. Fast 1971b + +
Lake Calhoun® Shapiro and Pfannkuch 1973 + + -
Eufaula Res.d’® Bowles 1972 0 0 0
Wahiawa Res. Devick 1972 +
Heart Lake Strus 1976 + +
a

b Weighted mean density or standing stock.
¢ Zooplankton distributed to bottom before mix.
d Inadequate sampling design or lost samples.

e Incomplete mix.
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waters during the treatment year. Even in lakes where some
zooplankton are normally found in the hypolimnion, destratification
shifts the vertical distribution profile toward the bottom (e.g.,
Ham's Lake, Heart Lake, Starodworski Lake). During the 1975
experiment at Stewart Lake, Barnes (1977) observed a slight expansion
of vertical distribution for cladocerans, but not for copepods and
rotifers. He attributes the minimal effects of aeration on
zooplankton distributions to a positive phototrophic response of
organisms under conditions of rapid light extinction with depth.

191. Brynildson and Serns (1977) documented a four-fold
increase in Daphnia spp. after mixing of Mirror Lake in September
1974. Earlier experiments produced shifts in community composition
toward larger Daphnia species without changes in total daphnid
biomass. The invasion of large-bodied Daphnia along with subsequent
population growth and occupation of lower waters has been observed
repeatedly in artificial circulation experiments; e.g., D. pulicaria
in Mirror Lake (September 1973 experiment only; Brynildson and Serns
1977), D. hyalina in Starodworski Lake (Lossow et al. 1975), D. pulex
in Heart Lake (Strus 1976), and large Daphnia spp. in Lake Calhoun
(Shapiro and Pfannkuch 1973; Shapiro et al. 1975). An exception to
this trend is Parvin Lake where D. schodleri and Cladocera in general
were less abundant during aeration; however, the control year was
unusual due to absence of the late summer bloom of Aphanizomenon
flos-aquae (cf. Lackey 1973a). Daphnia were also less abundant during
the 1976 treatment year at Hot Hole Pond relative to a control period
in the previous year (N.H.W.S.P.C.C. 1979). Because little
information is available on planktonic food resources and fish
predation at that lake, the reason for the Daphnia decline remains
unclear,

192. Smaller-bodied cladocerans (e.g., Bosmina, Diaphanasoma)
and calanoid copepods (e.g., Diaptomus) may exhibit population growth
following artificial circulation. The magnitude of increase is rarely
as dramatic as that observed for Daphnia spp. (e.g., Shapiro et
al. 1975; Brynildson and Serns 1977).

193, At Stewart Lake, Barnes (1977) found that the mean
abundances of cladocerans and copepods during the 1975 treatment
period increased significantly compared to the control year (1973).
Barnes (1977) attributed the decrease in total zooplankton abundance
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during the 1974 experiment to lack of sufficient food and HjS
toxicity. HZS gas was mixed into the upper waters and vented to the
atmosphere during 1974 but not during 1975.

194. Conflicting evidence regarding the effects of mixing on
rotifer populations precludes generalizations at present. Total
rotifer abundance exhibited little or no change during aeration of
Stewart Lake compared to ¢ previous control year (Barnes 1977). In
contrast, Lackey (1973a) observed a decline of rotifers during winter
and an increase during summer of the treatment year at Parvin lLake
relative to the control period. At Starodworski Lake, rotifers were
less abundant during late summer and autumn of the treatment year
relative to a similar season during the control year (Lossow et
al, 1975).

195. Little information is available to evaluate changes in the
abundance of individual zooplankton species following artificial
mixing. Apart from the invasion of Daphnia spp., overall shifts in
species composition and relative abundance apparently caused by
circulation have not been well document~di. No apparent trend in the
ratio of copepods to cladocerans is associated with artificial mixing
(Table 11). Lossow et al. (1975) noted a shift in dominance relations
of Bosmina species, with B. coregoni increasing over B. longirostris,
but competitive exclusion did not occur. In terms of relative
abundance, rotifers tended to exhibit less dominance over crustaceans
during circulation of Stewart Lake than during the control year
(Barnes 1977).

196. Strus (1976) described extensive changes in zooplankton
assemblages following aeration of Heart Lake. Daphnia pulex invaded
the lake and replaced the smaller D. rosea. Similarly Ceriodaphnia
quadrangula appeared during the treatment year and took the place of
C. reticulata. Diaptomus oregonensis was a member of the plankton in
both treatment and control years. Cyclops bicuspidatus thomasi
disappeared from the lake, but this occurrence may have been unrelated
to treatment (Strus 1976). Two warmwater cyclopoids, Mesocyclops edax
and Tropocyclops prasinus mexicanus, replaced C. b. thomasi. Finally,
the observed decline of Chydorus sphaericus may have resulted from
elimination of blue-green algae blooms which benefit this species.

197. Benthic macroinvertebrates. For eutrophic reservoirs, the
responses of benthic communities to artificial circulation have been
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relatively consistent, i.e., increases in macroinvertebrate biomass
and taxonomic diversity (Table 12). Artificial mixing has dramatic
effects on profundal zone communities,whereas little or no impact on
biomass and composition of littoral fauna is evident (Barnes 1977).
In two oligotrophic lakes, Parvin Lake and Section Four Lake, total
population densities declined or stayed the same after treatment. In
the profundal zone of Parvin Lake, a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>